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PREFACE 
The purpose of this contract  was t o  perform an invest igat ion of a 
bearingless helicopter rotor concept having a composite primary s t r u c t i r e .  
The results of  th i s  inves t iga t ion  are presented  in  two separate reports.  
The one here in  conta ins  the  resu l t s  of graphite/epoxy fatigue tests, wind 
tunnel experiments,  correlation studies,  and a preliminary design of a 
fu l l  scale  hel icopter  rotor .  The companion report ,  NASA CR-2638 presents  
the mathematical derivation of and program user’s  manual fo r   t he   ae roe la s t i c  
analysis used to generate most of t he   ana ly t i ca l  results presented herein. 
The project  was managed by Mr. M. C. Cheney.  The composite material 
invest igat ion was performed by Mr. R. C. Novak.  The detailed design and 
fabricat ion of  the model ro to r  was performed by Mr. Cheney and Mr. E. D. Bell- 
inger’, and the experimental data were acquired by Messrs. Bellinger and 
B. W. Goepner. Development of the aeroelastic analysis,  generation of t he  
cor re la t ion  resu l t s ,  and the aeroelast ic  analysis  calculat ions of t he  full- 
scale design were performed by D r .  R .  L. Bielawa. Design of the  fu l l - sca le  
blade configurations was performed by M r .  J. A .  Longobardi of the Sikorsky 
Aircraft Division w i t h  ass is tance from D r .  L. E. Greenwald of UTRC. Assis- 
tance  in  the  management of the experimental  test  program was  provided by 
M r .  A. J. Landgrebe. 
Note that a l l   o r i g i n a l   d a t a  w a s  recorded in English units ana subeequently 
converted to  me t r i c  un i t s .  A table i s  presented  to  fac i l i t a te  convers ion  of 
data back t o  English units should it be desired. 
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INVESTIGATION  OF A BEARINGLESS  HELICOPTER  ROTOR 
CONCEPT HAVING A COMPOSITE  PRIMARY  STRUC- 
Richard L. Bielawa, 
Marvin C. Cheney , Jr . , and 
Richard C. Novak 
United Technologies Research Cen+er 
SUMMARY 
W e r i m e n t a l  and analyt ical  invest igat ions were conducted at the United 
Technologies Research Center (UTRC) to  eva lua te  a bearingless helicopter rotor 
concept (CBR) made possible  through the use of  the special ized nonisotropic  
properties of composite materials. The invest igat ion w a s  focused on four 
pr incipal  areas  which were expected t o  answer important questions regarding 
the feas ib i l i ty  of  th i s  concept .  F i r s t ,  an examination of material propert ies  
w a s  made to  es tab l i sh  modul i ,  ultimate strength,  and fa t igue  charac te r i s t ics  
of unidirectional graphite/epoxy, the composite material se l ec t ed  fo r  t h i s  
application. The results confirmed the high bending modulus and strengths and 
low shear modulus expected of this  mater ia l ,  and demonstrated fatigue proper- 
t i es  i n   t o r s i o n  which make this material ideally su i t ed   fo r   t he  CBR application. 
Second, a dynamically scaled model was fabricated and tested i n  t h e  UTRC low 
speed wind tunnel  to  explore  the aeroelast ic  character is t ics  of  the CBR and 
t o  explore various concepts relative to the method of blade pi tch control .  
Two basic control configurations were tested, one i n  which pitch-flap coupling 
could occur. (cantilever torque tube design) and another which eliminated 
a l l  coupling (pinned-pinned torque tube design). It was  found that  both 
systems could be operated sucessfully at simulated speeds of 180 knots; 
however,the configuration with coupling present revealed a po ten t i a l   fo r  
undesirable aeroelstic responses. The uncoupled  configuration  behaved 
generally as a conventional hingeless rotor and was stable fo r  a l l  conditions 
tested. Another decoupled rotor configuration (snubber torque tube design) 
was extensively analyzed, but was not tested due to  sca l ing  d i f f i cu l t i e s .  
Third, a preliminary design of a ful l -scale  rotor  was conducted t o   e s t a b l i s h  
full-scale requirements and t o  show t h a t  no s igni f icant  problems would be 
encountered i n  t h e  manufacture of a CBR blade. Final ly ,  an aeroelast ic  
computer program was developed t o  simulate t h e  unique CBR blade s t ruc ture  and 
operating environment. This analysis was then employed t o  examine t h e  sta- 
bi l i ty  character is t ics  of  the ful l -scale  snubber  torque tube design under 
various fl ight conditions and under conditions where material propert ies  were 
degraded due t o   p o s s i b l e  flaws in  fabr ica t ion  or  partial  failures in operation. 
This study revealed no dynamic problems f o r  the conditions investigated, has 
confirmed tha t   s ign i f icant   reduct ions   in   ro tor  system complexity and w e i g h t  
can be achieved with the CBR, and further, that graphite/epoxy i s  idea l ly  
sui ted for  the special  requirements  of t h e  CBR. 
A description of the aeroelastic analysis developed under th i s  cont rac t  
along with detailed procedures for i t s  use i s  presented separately in  NASA 
CR-2638 (Ref.  1). 
2 
r 
INTRODUCTION 
N l y  a r t i cu la t ed   ro to r s  have successfully powered ro ta ry  wing a i r c r a f t  
s ince  the i r  incept ion  and have brought the helicopter to i t s  present unique 
posi t ion in the  f ie ld  of  a i r  t ransportat ion.  However, high cost and mainte- 
nance requirements, primarily related to complicated hub mechanisms, have 
r e s t r i c t ed  the  growth  of the helicopter.  Hingeless rotors sought to reduce 
these requirements by simplifying the hub through the elimination of the 
flapping and lagging hinges; however, current designs (Refs. 2 through 4)  
s t i l l  have not  s ignif icant ly  reduced weight and cost  since feathering bearings 
have been used to   provide  pi tch  control  and heavy s t ructure   has  been necessary 
to   r eac t   cen t r i fuga l   l oads .  
The study of a new rotor concept designed to  e l imina te  a l l  h inges  and 
bearings through a specialized use of fiber reinforced composite materials, 
was i n i t i a t e d  a t  t h e  United Technologies Research Center (UTRC) i n  1968. This 
concept u t i l i z e d  a f i n i t e  l e n g t h  of unidirectional composite material, with 
i t s  attendant low shear modulus, in  place of  the feather ing bear ings of  con- 
ventional hingeless rotors.  This "flexbeam" member i s  carried through the 
center region to retain an opposing blade,  thus eliminating individual blade 
retent ion hardware and resu l t ing  i n  a simple, low weight, low p r o f i l e  hub 
r e q u i r i n g  l i t t l e  o r  no maintenance. The encouraging results obtafned from the  
ear ly  work a t  UTRC l e d   t o  a research contract jointly sponsored by the NASA' 
Langley Research Center and the  US Army A i r  Mobility Research and Development 
Laboratory. It i s  the  r e su l t s  of this  contract  that  are reported herein.  
The object ive of  this  research was to  a s ses s  the  gene ra l  f eas ib i l i t y  of t h i s  
ro to r  system, ca l led  the  Composite Bearingless  Rotor (CBR) through a se r i e s  
of experimental and analyt ical  invest igat ions.  It was the purpose of these 
invest igat ions to  explore  a l l  aspects  of t he  ro to r  system, from the viewpoints 
of basic  mater ia l  propert ies ,  s tabi l i ty  character is t ics ,  wind tunnel  ver i f ica-  
t i o n  of ro to r  performance and dynamics, and full-scale design requirements. 
There were ffundamental questions regarding the durabili ty of unidirectional 
composite materials when uti l ized in the unconventional manner required of 
th i s  des ign ,  tha t  i s ,wi th  imposed osc i l l a to ry  motions about the  weakened shear 
ax is  where the f ibers  are  not  loaded i n  the i r  respec t ive  axial direct ions.  
Another po ten t i a l  problem area which required study was the   e f f ec t  a time 
varying twisted beam m i g h t  have on the blade response. In  effect ,  the inboard 
blade s t ructure  var ies  with col lect ive and cycl ic  pi tch potent ia l ly  inf luencing 
the in-plane and out-of-plane s t i f fness  character is t ics .  The problem  of in- 
put t ing control  def lect ions by means of a torque tube a t  a f in i te  d i s tance  out -  
board of the hub a l s o  had t o  be considered, as well  as pitch-flap and pitch-lag 
coupling phenomena which may r e s u l t  from motions of this  control  torque tube.  
Final ly ,  the problem of applying the technology developed and the experience 
1. 
3 
gained i n  the model sca le  inves t iga t ions  to  fu l l - sca le  ro tors  had  to  be  
addressed. "he t a sk  of eventually reducing these results t o  p r a c t i c e  i s ,  i n  
the  f ina l  ana lys i s ,  the  u l t imate  t es t  of the success o f  a new concept. 
A review of the CBR concept and a summary of a portion of t h e  results 
obtained during the course of  the contract  were presented at the  American 
Helicopter- Society National Forum i n  1972 (Ref. 5 ) .  
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CONCEFT  DESCRIPTION 
The  Composite  Bearingless  Rotor (CBR) evolved  as a result  of  the  unique 
application  of  fiber  reinforced  composite  materials.  The  nonisotropic  nature 
of  unidirectional  composites,  generally  considered  an  undesirable  feature, 
yields a structure  which  was  decidedly  softer  in  torsion  than  in a direction 
which  loads  the  fibers  axially. By employing a finite  length  of  this  material, 
torsional  deflections  can  be  achieved  to  satisfy  the  pitch  angle  change  require- 
ments of a helicopter  rotor  while  providing  sufficient  stiffness  in  the  in- 
plane  and  out-of-plane  directions  to  satisfy  hingeless  rotor  frequency  require- 
ment s. 
A comparison  of  the  modulus  characteristics of fiber-reinforced  composites 
and  metals  is  given  in  Fig. 1 where  Young's  modulus, E, is  plotted  versus  shear 
modulus, G. The  variations,  or  trade-offs,  of E and G for  composite  materials 
can  be  achieved by adjustments  in  the  alignment  of  the  fibers  relative to the 
spanwise  axis  of  the  structure  denoted  by B in Fig. 1. The  shaded  area  rep- 
resents a boron  composite  where  the  left  end  corresponds  to  material  with 
unidirectional  fibers (e = 0) producing  high  bending  modulus  and low shear 
modulus,  and  the  right  end  of  the  shaded  area  corresponds  to a material  with 
all  fibers  aligned +45 deg  giving  maximum  shear  modulus.  The E and G values 
between  these  extremeties  are  achieved  by  alignment  angles  between 0 d g  a d 
45 deg  or  by  combinations  of  unidirectional  and  cross  plies.  Values  are 
shown  for  several  metals  which  demonstrate  the  increasing  trend  of  shear 
modulus  with  Young's  modulus.  This  is  typical  of  isotropic  materials  which 
have a fairly  constant  value  of  E/G .of approximately 2.5 as  shown by the 
straight  line  in  Fig. 1 Composite  materials  can  have  the  opposite  trend - 
decreasing G with  increasing E which  is  the  key  to  the  use  of  these  materials 
in  the  bearingless  rotor  concept. 
A schematic  of  the  basic  components  of  the  CBR  are  shown  in  Fig. 2. The 
blade  spars  consist  of  unidirectional  composite  material  as  shown  in  Fig.  2a, 
where,  for a bbladed rotor,  two  single  lengths  are  used,  one  for  each  set  of 
opposing  blades.  The bbladed system  simply  consists  of  intersecting  the  two 
spars as shown  in  the  figure.  The  dimensions  of  the  spar  are  dictated by th  
edgewise  and  flatwise  frequency  requirements  and  the  required  torsional  prop- 
erties  over  the  inboard,  or  flexbeam,  portion  of  the  blade.  The  aerodynamic 
cover  is  assembled  from  approximately  the 25 p rcent  radial  position  to  the 
tip.  This  cover  would  normally  be  constructed  of  composite  material  with 45
deg  fiber  alignment  to  give  maximum  torsional  stiffness.  The  cover  is  then 
bonded  to  the  spar  through a foam  filler  or  honeycomb  resulting  in a torsion- 
ally  stiff  blade  over  the  outer 75 percent  as  shown  in  Fig.  2b.  The  inner 
25 percent,  the  flexbeam,  remains sof t  in  torsion,  and  it  is  this  portion  of 
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the  blade  that  is  elastically  twisted  to  achieve  collective  and  cyclic  pitch 
control.  The  remainder  of  the  rotor  assembly  consists  of  the  control  torque 
tube  which  is  cantilivered  inboard  from  the 25 percent  station,  Fig.  2c,  and 
the  two  plates  which  make  up  the  hub,  Fig.  2d.  Because  of  the  carry-through 
feature  of  the  blades,  minimal  hub  retention  hardware  is  required  resulting 
in  an  extremely  simple  hub  design. 
There  can  be  several  variations  to  the  CBR  concept  which  are  not  depicted 
in  the  sketches in.Fig. 2. For  example,  it  may  not  be  necessary  to  extend 
the  unidirectional  spar  over  the full blade  span. A conventional  blade  design 
could  be  employed  and  joined  to  the  outboard  end  of  the  flexbeam. A so, 
dynamic  considerations  may  require  more  or  less  fixity  on  either  the  inboard 
or  outboard  end of the  torque  tube  than  is  inherent  in  the  cantilevered  design 
shown  for  concept  illustration  purposes  in  Fig. 2. For  example,  the  inboard 
end  of  such a cantilevered  torque  tube  could  be  additionally  attached  to  the 
flexbeam  by  means  of a "snubber"  which  would  allow  relative  feathering  motion 
but  suppress  relative  translational  motion.  Various  such  alternative  torque 
tube  configurations  are  described  in  detail  in  subsequent  portions  of  this 
study. 
Controls  to  the  rotor  are  applied  through a swash  plate  in a conventional 
manner.  The  dynamic  response  characteristics  are  generally  similar  to  hinge- 
less  rotors  operating  today,  particularly  for  the  snubber  design  where  nearly 
all  blade  pitch  coupling  is  eliminated.  These  response  characteristics  are 
almost  entirely  dependent  upon  the  fundamental  bending  frequencies  which  can 
be  tailored  to  any  desired  values  without  affecting  the  basic  CBR  concept. 
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COMPOSITE MATERIAL INVESTIGATION 
A s  discussed previously, the bearingless composite rotor concept i s  
heavily dependent on the  unique e l a s t i c   p rope r t i e s  of t h e  materials as well as 
the i r  fa t igue  charac te r i s t ics .  A s  a r e s u l t ,  h i g h  p r i o r i t y  was placed on a com- 
pos i te  material inves t iga t ion  to  def ine  modulus character is t ics ,  measure static 
strengths, and determine fatigue properties.  
The fatigue performance of advanced resin matrix composites i s  generally 
considered t o  b e  a plus  when the  mater ia l s  a re  compared with metals. The bulk 
of the supporting evidence for this conclusion i s  based on t e s t i n g  performed 
under conditions in which the reinforcing fibers carried the applied load 
(Refs. 6 through 8) .  Thus, s ince  the  f ibers  behave i n  an e l a s t i c  manner, it 
i s  not suprising that the fatigue performance of the composites has been found 
t o  be good. However, the bearingless rotor concept relies on the fat igue per-  
formance of the composite s t ructure  under combined bending and torsion loading 
conditions. Under these  circumstances  the  composite  response is  not necessarily 
e l a s t i c  over a l l  load ranges, and the matrix resin strength o r  the resin-f iber  
i n t e r f a c i a l  bond strength becomesvery important t o   t h e  performance of the 
system. 
The following sections describe the materials and t e s t  procedures used i n  
an experimental program to  s tudy  the  per t inent  s ta t ic  and fatigue properties 
of the composites, and a brief discussion of t h e  t e s t  r e s u l t s .  
Experimental Approach 
Al l .  specimens consisted of RTS (high tensi le  s t rength)  graphi te  f iber  
i n  a matrix of' Fiber i te  X-05 epoxy. Preimpregnated tape (prepreg) was 
purchased at various intervals i n  the program t o  provide information 
on the repeatabil i ty of material  properties from l o t  t o  l o t .  The speci- 
mens were fabricated from 1.2 p l i e s  of prepreg and cured at 3250F under 
.55 MN/m2 ( 8 0  p s i ) .  The finished specimen sheets were 2.5 mm (0.10 i n .  ) 
thick with a fiber content of approximately 60 percent. The fat igue test  
specimens were cut t o  e i t h e r  2.54 cm or 1.27 cm (one inch or one-half inch) 
widths and approximately f i f t e e n  cm (s ix  inches)  in  length.  The tests consisted 
of s t a t i c  f l exure  and interlaminar shear, flexure and torsion fatigue,  and 
combined flexure/torsion fatigue which simulated combined blade flatwise, 
edgewise, and tors ional  def lect ions.  Stat ic  4-point  flexure tests were 
conducted at a span-to-depth r a t i o  of 32:l. Interlaminar shear strength 
was measured i n  a 3-point bend tes t  a t  a span-to-depth ra t io  of  4 :1 .  The 
f a t igue   t e s t s  were conducted using a VISHAY variable throw cam driven by a 
1120 w a t t  (1.5 hp)  e lec t r ic  motor at 3600 rpm as shown i n  Fig. 3. The specimens 
were run t o  lo7 cycles, and the post- tes t  moduli were compared t o   t h e  pre- 
test  moduli t o  determine possible material degradation. 
Results and Discussion 
Sta t ic  Proper t ies  - The results of t h e  static property measurements a re  
presented in Table 11. With the exception of the fle-8.l s t rengthof  the  Lot 
lD-52 lB, the data exhibited fairly low s c a t t e r  and f e l l  within the expected 
range. The apparent low strengths of t h a t   l o t  were due t o  a low filament 
volume f rac t ion  (50 percen t )  i n  the  composites which were tes ted .  This was also 
r e f l e c t e d   i n   t h e  somewhat lower bending modulus f o r   t h e  material. 
The pertinent points brought out ky t h e  s t a t i c  d a t a  are the  ver i f ica t ion  
of the required high E/G r a t i o  (-25) and the demonstration o f  s t a t i c  shea r  
and bending strengths which are significantly higher than the design stresses 
f o r  a typical  bear ingless  rotor  appl icat ion.  
Fatigue Properties - The results of the pure bending fatigue and pure 
. . "" 
tors ion fat igue are graphically presented in Figs.  4 and 5, respectively.  
As mentioned previously the performance of the materials was  measured by 
reduct ions  in  the  shear  s t i f fness ,  G; and t h e  bending s t i f f n e s s ,  E, 
because the specimens did not suffer complete f rac ture  as metals do under 
fatigue loading. Rather , t h e  failure mode was i n  t h e  form of cracks 
through  the  res in  matrix which gradually reduced the section modulus of   the 
specimen. An example of the cracking which was observed is  shown in  F ig .  6 
which i s  a photomicrograph of a specimen sub ected t o  a vibratory tors ional  
s t rees  of  k 52.7 MN/m2 (7650 p s i )  f o r  5 x 10  cycles. The graphite 
filaments appear as l i gh t  c i r c l e s  which are surrounded by the  epoxy matrix. 
The small crack can be seen t o  propagate from in t e r f ace  to  in t e r f ace  
through the matrix. There i s  no evidence of broken filaments. 
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Since no precipi tous s t i f fness  reduct ion was  evident from these results 
it was  d i f f i c u l t  t o  e s t a b l i s h  a failure cri terion. Accordingly,  the stress 
corresponding t o  a nominal 1 0  percent reduction in modulus w a s  t en ta t ive ly  
selected as the  endurance l i m i t .  Considerably more fa t ique  tes t ing  would 
be necessary before a firm endurance limit could be established. The vibratoq-  
stresses corresponding t o   t h e  LO percent  cr i ter ion are estimated from Figs. 4 
and 5 at 758 MN/m2 (110,000 p s i )  f o r  bending and 48 MN/m2 (7000 psi)  f o r  
shear. 
Because the  v ibra tory  s t resses  a re  present  in  combined form i n   t h e  
bear ingless  rotor ,  a series of combined bending/torsion fatigue tests was 
conducted t o  determine if the material responded i n  a predictable  manner 
based on the pure bending and tors ion  results. In  addi t ion,  some tests were 
performed with a steady axial load  to  s imula te  the  cent r i fuga l  force  present  
i n  an actual blade.  
The combined stress s ta te  was produced by using a setup similar t o   t h a t  
shown in  F ig .  3 except the specimen was posi t ioned off  the center  of rota- 
t i o n  of the f ixture ,  producing a combination of bending and twisting. Steady 
tension was i n i t i a l l y  provided by dead weight loading of a cable  a t tached  to  
t h e  end of t h e  specimen by f r i c t i o n  clamps. Later t h i s  was replaced by a 
hydraulic cylinder.  Several  testing t r i a l s  were conducted before satisfactory 
r e su l t s  were achieved. 
The r e su l t s  of these tests a re  summarized i n  Table 111. In  genera l ,  the  
data ind ica te  tha t  the  e f fec ts  of combined loading were s l i gh t ly  more severe 
than would be predicted based on the simple loading results discussed pre- 
viously. This may have been r e l a t e d  t o  t e s t  e f f e c t s  such as indicated for 
specimen ~c1-6 .  Nevertheless, with the exception of specimen KC4-2, t he  
specimens were capable of sustaining a t o t a l  bending stress of approximately 
669 MN/m2 (97,000 p s i )  f o r  10 7 cycles with 1 0  percent reduction in modulus. 
This compares favorably with the 758 MN/m (110,000 p s i )  endurance limit found 
for pure bending, given the stochastic nature of fatigue. 
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MODEL ROTOR TESTS 
Tes t   Fac i l i ty  and Equipment 
Wind Tunnel - The t e s t s  were conducted i n  the  United Technologies 
Corporation 1..22- x 1.83-m subsonic wind tunnelwhichhas a c$o.sed return,  
c losed throat  c i rcui t  and operates with a maximi  tes t  sec t ion  ve loc i ty  and 
Reynolds number of 44.7 m/sec and 2.89 x 10 6 per  a, respect ively.  Stat ic  
pressure  in  the  i r regular  oc tagonal  tes t  sec t ion  i s  atmospheric. 
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Small-scale Rotor Test Rig - The r o t o r   t e s t   r i g  employed in  thisprogram i s  
shown in Fig.  7. It was designed pr imari ly  for  exploratory tes t ing of small- 
s ca l e  ro to r s  i n  the  1.22- x 1.83-111 subsonic wind tunnel. Power t o  t h e  r o t o r  
i s  supplied by d i r ec t  d r ive  from a 40 hp, var iable-speed electr ic  motor. The 
motor and rotor force measuring system were mounted outs ide the tunnel  above 
the tes t  sect ion.  Rotor  thrust ,  drag and torque were measured by means of 
strain-gaged bending beams. A 25-unit slip-ring assembly mounted on the  ro tor  
drive shaft  provided a signal transfer point for measuring blade stresses and 
bending loads. 
Model Rotor Description 
Both 2- and 4- bladed dynamically scaled model ro tors  were t e s t ed  in  
hover and forward f l i g h t   t o  demonstrate the viabil i ty of the composite bearing- 
less  rotor  concept .  The blade design parameters for the two torque tube con- 
f igurat ions are  presented in  Table  IV. A photograph of a 4-blade rotor in -  
s t a l l e d  i n  t h e  wind tunnel  for  forward  f l igh t  tes t  condi t ions  i s  shown i n  
Fig. 7. The elements comprising the flexbeams and the pinned and cant i lever  
torque tube configurations are shown in Figs .  8 and 9, respectively.  
The model rotor  blades were fabricated as i n t e g r a l   s e t s  of opposing blade 
pa i r s .  Each such blade pair  set  ut i l ized a common primary structural bending 
element comprised of unidirectional graphite fi laments,  continuous from t i p  
t o  ( o p p o s i t e )  t i p ,  c a s t  i n  an epoxy matrix. Furthermore, each rotor blade in 
turn consisted of two main spanwise sections start ing from the blade root 
offset  ( rotor  hub) .  The f i rs t  spanwise section comprised the  flexbeam-torque 
tube region and the second made up the outer blade region. The d e t a i l s  of the  
flexbeam and two torque tube configurations are shown in  F igs .  8 and 9. The 
flexbeam, which was the inboard portion of the  cent r i fuga l  and bending load 
carrying member. had zero pretwist ,  spanned the radial region from 0.05 t o  
0.33R and had a c ross  sec t iona l  chord to  th i ckness  r a t io  of approximately 7.2. 
Outboard of the flexbeam, addi t ional  model spar components consisted of t he  
graphite/epoxy material encased i n  aluminum 0.254 mm t h i c k   t o  produce the model 
sca le  tors iona l  s t i f fness .  Lead tape 0.127 mm th ick  was used t o  s c a l e  mass 
and ine r t i a s ,  and balsa  wood was used t o  form the NACA 0012 a i r f o i l .  A pro- 
t ec t ive  wrap of 0.064 mm mylar was shrunk f i t  to   the   ba lsa   to   p rovide   an  
aerodynamically clean and uniform surface. Figure 10 i l l u s t r a t e s  t h e  
juxtaposition of the various elements of the outboard blade cross section. 
The blade chord was constant  a t  0.039 m from the 0.33 R s t a t i o n   t o   t h e  
t i p .  The blade was preconed 2 deg to  a l leviate  the s teady bending s t ress  due 
t o  r o t o r  t h r u s t  a t  a CT/o = 0.08.  The model blade spanwise distributions of 
weight,  f latwise st iffness,  edgewise s t i f fnes s ,  t o r s iona l  s t i f fnes s ,  t o r s iona l  
i n e r t i a  and the spar radius of gyration are plotted in Figs.  11 and I 2  f o r  
both pinned and cantilevered torque tube configurations. Using the blade 
section properties shown i n  Figs. 11 and 12, the uncoupled model blade (vacuum) 
natural frequencies and mode shapes were calculated using the United Tech- 
nologies Corporation Uncoupled Mode Blade Natural Frequency computer program. 
These a r e  shown in  F igs .  13 through 16 and are given in Table IV fo r  t he  
nominal t i p  speed conditions of 99.1 m/sec. The f la twise and edgewise bending 
modes (Figs. 15 and 16) show the typical character of a cantilevered beam 
with zero deflections and slope a t  the  b lade  root  of fse t .  
As s ta ted  above, two torque tube configurations were tes ted-on the CBR 
blades. The pinned-pinned torque tube configuration, shown in Fig.  8, con- 
sisted of a pi tch arm, feathering bearing, universal  joint , .  0.635 cm OD- 
0.089 cm w a l l  thickness 303 s ta in less  s tee l  tub ing ,  a flexible coupling and 
blade attachment. This torque tube allowed no pitch-flap coupling because 
the universal  joint  and flexible coupling transmitted only pitch moments 
to  the blade and eliminated any blade bending feedback (pitch-flap coupling) 
t o  t h e  pushrod. The root end of the  pinned-pinned torque tube was attached 
t o   t h e  hub so that  the blade centr i fugal  load was not  s ignif icant ly  affected 
by the  torque  tube. 
The cantilevered torque tube configuration shown i n  Fig. 9, consisted of 
a 0.953 cm OD - 0.124 cm wal thickness 6~65-T6 aluminum tubing bonded t o  
two 2.54 cm square 6065-6 aluminum plates .  These plates, together with 
their connecting clamping screws, were used to  effect  a t tachment  to  the blade 
a t  t h e  0.31 R spanwise s ta t ion.  As shown in Fig.  9, t he  cantilevered torque 
tube i s  mounted i n  i t s  t r a i l i n g  edge position. It could also be mounted in  
a leading edge posit ion.  Since the cantilevered torque tube to blade attach- 
ment point was f ixed  a t  t he  0.31 R station, pitch-flap coupling was changeable 
only  by  a t taching  the  pi tch  l ink  a t   var ious of the rad ia l   po in ts  on the torque 
tube as shown i n  Fig. 9. 
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Scaling Factors 
To apply the model scale  data  presented herein to  a fu l l - sca le   ro tor  
of the.same design, an appropriate scale factor must be appl ied to  the 
parameter being scaled. A summary of these  sca le  fac tors  i s  given is Table V. 
Test Data 
Test Conditions - Wind tunnel  tes t  condi t ions were se l ec t ed   t o  encompass a 
range of advance r a t io s ,  and thrust   coefficients ' ty-pical   of contemporary he l i -  
copter operation. Advance r a t i o s  of 0, 0.1, 0.25,  0.35  and  0.47 were t e s t ed  
a t  the  nominal t i p '  speed over a range of shaft  angles and col lect ive pi tches .  
Except where specif ical ly  required for  der ivat ive data ,  the cycl ic  Ans and Bls 
control angles were adjusted at  each tes t  point  to  approximately nul l  out  the 
first harmonics of inboard flatwise bending stress. Hovering dataweretaken 
wi th in  the  tunnel  tes t  sec t ion  a t  107.7 percent, 100 percent, 92.3 percent 
and 76.9 percent nominal t i p  speed of 99.1 m/sec for blades configured with 
the pinned-pinned torque tube and with the cantilevered torque tube incorpo- 
rating various available pitch-flap couplings.  In part icular ,  those cant i -  
levered torque tube configurations selectedincludedpush-rodattackrmentpoints 
a t  0.060 R and 0.080 R f o r   t r a i l i n g  edge attachment and a t  0.070 R and 0.091 R 
for  leading edge attachment. These four push-rod attachment configurations 
define equivalent (geometric) 6 ang les ,  r e l a t ive  to  the  f irst  flatwise bending 
mode, of 48.1",  33.2", -41.5" ai?d -23.0", respectively.  A summary of the 
forward f l i gh t  t e s t  cond i t ions  i s  given i n  Table V I .  
Test - Data Acquisition and Reduction - The rotor  dataobtained  during  the 
, test  consisted of ro tor  performance ( thrust ,  drag,  and torque) and blade 
s t resses  ( f la twise ,  edgewise, and to r s iona l ) .  The thrust ,  drag and torque data, 
obtained from self-balancing potentiometers, were cor rec ted  for  ta res  and re- 
duced to  coef f ic ien t  form (CL/u ,  CD/u and CQ/u) using the measured shaf t  
angles (hub plane angles of attack) with appropriate corrections.  Flexbeam 
f la twise  and edgewise dynamic stress. blade outboard flatwise bending moment, 
and flexbeam tors ion moment (or  a l ternately,  t w i s t  deflection) data were' 
obtained from var ious  s t ra in  gages and numerically calculated from v i s i -  
corder  output. These s t r a i n  gages were located as follows: flatwise and edge- 
wise bending gages were located near the blade root a t  6 percent span, a 
flatwise bending gage was located outboard of the torque tube attachment point 
a t  42 percent span and a tors ion gage was locaked on the  flexbeam a t  17 per- 
cent span. The bending stress and moment ca l ibra t ions  were conducted by 
applying bending moments and dividing by the appropriate I/c's. Additionally, 
the  d i rec t ly  ca lcu lab le  s t resses  and moments due to  g rav i ty  were subtracted 
out. The flexbeam tors ion gage output was similarly calibrated by applying 
a torque with the torque tube in place but with the pitch l ink disconnected. 
Nominally, co l lec t ive  And cycl ic  pi tch control  angles  were obtained 
from the outputs of potentiometers geared t o   t h e  swash-plate drive motors. 
A cross-check on the  pi tch  control   angles  was afforded by taking the mean 
and first harmonic cosine and s ine  components of the  flexb.eam tors ion gage 
output. For the pinned-pinned torque tube configuration the potentiometer 
measurements of control angle correlated reasonably well with the   to rs ion  
gage measurements; whatever discrepancies present were'-most probably due 
to   f l ex ib i l i t y   i n   t he   f l ex ib l e   coup l ing  and/or slop between the  fea ther ing  
cuff and i t s  retention bolt  (see Fig.  8). For the cantilevered torque tube 
configuration, however, the potentiometer ou€puts were inherently incapable 
of giving accurate measurements of the effect ive control  angles  due t o   t h e  
subs tan t ia l  washout caused by flexbeam bending f l e x i b i l i t y .  Hence, the  
potentiometer measured values of control angle used t o  ident i fy   the   var ious  
performance and s t ress  da ta  must be considered t o  be only "indicated" or 
llswash-platell values and not effective control angles.  
Rotor angle of a t tack  was obtained by first measuring the geometric 
tilt angle of t he  sha f t  r e l a t ive  to  the  tunne l  t e s t  s ec t ion  and then sub- 
t r ac t ing  tha t  tilt angle required,  at  each advance r a t i o ,  t o  n u l l  t h e  t h r u s t  
when a l l  con t ro l  ang le s  a re  se t  t o  ze ro .  For advance r a t i o s  of 0.25, 0.35, 
and 0.47, the tilt angles so required were 0.3 deg, 0.7 deg and 1.0 deg, 
respectively.  The source of this zero thrust angle of tilt is  the blockage 
caused by the  ro tor  r ig .  Thus, this angle of a t tack correct ion i s  only 
approximate since a f i n i t e   r o t o r   t h r u s t  would necessar i ly  change the  ro tor  
drag (or alternately,  the propulsive force) which would in  turn vary the 
blockage. However, an assessment of the  var ia t ion  of t h i s  blockage with 
ro to r   t h rus t  was beyond the   capab i l i t i e s  of tunnel instrumentation and the 
zero thrust  tilt angle corrections were used throughout. 
Accuracy of Data - The estimated bccuracies with which the parameters 
determining a given test  condition could be set or determined are as follows: 
Parameter  Accuracy 
Swash plate  ( Indicated 
Control Angle) k 0.2 deg 
Tip Speed _+ 0.3 m/sec 
Shaft Angle k 0.05 deg 
Tunnel Speed * 0.3 m/sec 
Air Temperature - + 2°F 
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The s t a t i c  data repeatabi l i ty  for  thrust ,  drag,  and torque was derived 
from repeated cal ibrat ions of  the s t ra in  gages made while determining the 
calibration derivatives for conversion of s t r a i n  gage un i t s  (SGlfs) i n t o  
forces or moments.  The dynamic data  repeatabi l i ty  was established by con- 
sidering the range of C ~ O ,  CD/o and C o measurements observed from con- 
secut ive tes t  points .  The  mean range was established and r e l a t ed  to ' t he  
standard deviation using the procedures outlined in Ref. 9 . The resu l t s  
for the accuracy of the thrust  drag and torque measurements are given below: 
Q/ 
Thrust, Drag and Torque Accuracy 
Stat ic   Repeat bi l i ty  Dynamic Repeatability 
Thrust: f 0.068 N f 0.002 CJO 
Drag: f 0.091 N f 0.004 CD/o 
Torque: f 0.0138 Nm 0.003 C /O Q 
The estimated accuracies of the dynamic data which were acquired on 
the recording oscillograph are the following: 
Parameter Accuracy 
Flatwise Bending Stress  ( r .=  0.06 R )  f 0.14 MN/tn2 
Edgewise Bending St ress  (r = 0.06 R )  f 0.14 MN/m 2 
Flatwise Bending Moment (r = 0.42 R )  f O.OO&3 Nm 
Flexbeam Torsion (r = 0.17 R )  f 0.00043 Nm 
f 0.1 deg 
Experimental Results 
The experimental results presented herein consist of hover performance 
(Figs. 17 through 22), forward flight performance (Figs. 23 through 33), 
vibratory stresses (Figs.  34 through 42), and control derivatives (Table V I 1  
and Figs. 43 through 47). Within each category the results for the pinned- 
pinned torque tube are presented first,  followed by those for the cantilevered 
torque tube with various of the four   tes ted push-rod attachment locations. 
Since the pinned-pinned torque tube configuration is  inherently free of any 
geometrically induced pitch-flap coupling effects, the results obtained for 
t h i s  configuration provide a good standard for evaluating the results obtained 
with  the  cantilevered  torque  tube  configurations. All performance  results 
are  presented  in  the  form  of  nondimensional  force  and  torque  coefficients 
divided by solidity.  The  vibratory  stress  (and  bending  moment)  results  are 
presented  in  the  form  of 1/2 peak-to-peak (FTP) values.  The  "performance" 
control  derivative  results  are  presented  in  the  form  of  tables  of  numerically 
calculated  derivatives.  The  ":stress"  control  derivative  results  are  presented 
in the  form  of  (azimuthal)  time-histories  of  blade  stress  and  their  perturba- 
tions  due  to  perturbations  Tn  the  control  angles. 
Hover  Performance - Figures17 through 21 show  for  each  torque  tube  con- 
figuration  the  parametric  variations  in CT/Uand CQ/U  with  collective  pitch 
angle  for  each  of  four (4) tip  speeds.  Figure 17, which  presents  the  results 
for  the  pinned-pinned  torque  tube,  shows  typical  rotor  characteristics  for 
variations  in  both  collective  angle and tip  speed.  Since  the  pinned-pinned 
torque  tube is inherently  devoid  of  any  pitch-flap  coupling,  these  results 
provide a convenient  basis  for  interpreting  the  results  for  the  various  canti- 
levered  torque  tube  configurations  which  exhibit  substantial  pitch-flap 
coupling.  Some  scatter  is  seen  in  the  torque  coefficients  at  zero  pitch and 
at  the  higher  pitch  settings.  Variations  in  the  effective  pitch-flap  coupling 
which  the  various  push-rod  attachment  locations  on  the  cantilevered  torque 
tube  configurations  produce  are  amply  shown  in  Figs. 18 through 21. The  effec- 
tive  pitch-flap  coupling  for a hingeless  rotor  must  necessarily  be  determined 
frqm  the  geometry  of  the  elastically  deflected  blade.  The  variations  in  per- 
formance  characteristics  with  tip  speed  for  the  cantilevered  torque  tube  con- 
figurations,demonstrate  that  this  geometry  is  significantly  influenced  by  the 
blade's  centrifugal  force  field. 
For  those  cantilevered  torque  tube  configurations  with  trailing  edge 
attachment  (Figs. 18 and 2 0 ) ,  the  effects  of  control  washout, due to  flexbeam 
bending  flexibility  and  negative  (flap  up-pitch  down)  pitch-flap  coupling, 
are  seen  in  the  consistently  higher  collective  angles  required  to  obtain  any 
given  performance  point.  However,  for  those  configurations  with  leading-edge 
attachment  (Figs. 19 and 21) the  effects  of  positive  pitch-flap  coupling  when 
combined  with  the  washout  characteristics  of  flexbeam  bending  flexibility,  are 
seen  to  produce  initially a control  washout  at low collective  angles,  which 
diminishes  at  the  higher  angles.  This  can  be  seen by comparing  thrust  levels 
at low collective  pitch  settings  on  Figs. 19 and 21 with  those  on  Fig. 17 for 
the  pinned-pinned  case.  The  latter  case  is  seen  to  produce  higher  CT/a  for 
the  same 0 at low values  of 8 ,  but  at  the  higher 8's the  CT/a  values  are 
similar.  This  trend  is  also  seen  in  Fig. 22 where  the  pitch-flap  coupling 
characteristics  of  the  cantilevered  torque  tube  on  hovering  performance  are 
summarized.  For  either  type  of  cantilivered  torque  tube  attachment  (leading- 
or  trailing-edge)  there  is a washout  due to flexbeam  bending"flexibi1ity. 
That  is,  any  finite  push-rod  load  will  not  only  twist  the  flexbeam,  but  bend 
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it a s  w e l l ,  due to   t he   r e l a t ive ly   l ong   l oad  path fo r  the push-rod shear load. 
Thus, fo r  un i t  push-rod load, less of t h e   t o t a l   s t r a i n  energy must necessarily 
be s tored in  tors ion wlth less resu l t ing  flexbeam torsional deflection. Added 
t o  th i s  i n i t i a l  washout due t o  flexbeam bending i s  the automatic pitch change 
due t o  the geometry of the elastically deflected blade (pitch-flap coupling), 
which i s  ei ther  posi t ive or  negat ive as  the push-rod attachment point i s  ahead 
o r  a f t  of the feathering axis, respectively. For those configurations tested, 
the cantilevered torque tube generally produced a net  washout of the inputted 
swash-plate collective angle relative to the behavior of the pinned-pinned 
torque tube. 
Forward Fl ight  Performance - In a similar manner t o   t h e  hovering per- 
formance resu l t s ,  the forward flight performance resu l t s  a re  shown i n  Figs. - 
23 through 33. For. each torque tube configuration Cdu, C,/u, and CQ/U are 
shown for  pkametr ic  .var ia t ions in  rotor  angle  of attack, collective angles,  
and advance ratio.  Figures 23, 24, and 25 present the performance results for 
the  pinned-pinned  torque  tube at advance r a t io s  of .25, .35, and .47, respec- 
t ively.  Included in these figures are performance results for another model 
rotor  similar i n  s i z e ,  geometry, and twist and tes ted  in  the  same f a c i l i t y  
at similar test  conditions.  This model rotor,  however, was of semi-articulated 
type (flap hinges, but no lag hinges or  cycl ic  pi tch)  and  was fabricated with 
very high torsional r igidity (We1= 22 P). A description of th i s  semi-articu- 
l a t ed  model  and i t s  performance resul ts  are  presented in  Ref. 10. Selected 
performance r e su l t s  fo r  t h i s  semi-articulated rotor are included in these 
f igu res  to  show what e f fec t ,  i f  any, might r e su l t  from the elast ic  character-  
i s t ics  pecul ia r -  t o  bearingless rotors.  The semi-articulated rotor  r e su l t s  
presented in these figures are cross-plotted values t o  obtain resul ts  at t h e  
three advance r a t i o s  of .25,  .35, and .45, and for t ip-path angles of attack. 
This data manipulation was required to  approximate more closely the bearingless 
rotor  model conditions wherein, because of the deliberate nulling of hub 
moments, the shaft angle of attack coincided with the tip-path plane angle of 
attack. 
Figures 23, 24, and 25 show that the cross  plot ted resul ts  for  the semi- 
a r t icu la ted  model rotor generally agree quite well with the bearingless rotor 
r e su l t s .  Some descrepancies in collective pitch could arise due t o  the 
accuracy with which collective  pitch  could be s e t  and with which the tip-path 
plane can be measured in  the case of  the f lapping rotor  resul ts .  The pinned- 
pinned torque tube configuration p,erformance r e su l t s  of these three figures 
can be used, i n  a l i k e  manner as those for hovering performance, a s  a bas is  
for  in te rpre t ing  the cantilevered torque tube configuration results. 
Figures 26 through 29 show the forward f l i g h t  performance r e s u l t s   f o r  
the Cantilevered torque tube configured model a t  an advance r a t io   o f  0.25 
f o r  each of the four selected push-rod attachment locations.  Comparison of 
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these  figures  with  the  corresponding  results  for  the  pinned-pinned  torque 
tube  configuration  (Fig. 23) shows a reinforcement  and  extension  of  the 
hovering  performance  results:  that a significant  amount  of  control  angle 
washout  occurs  with  the  cantilevered  torque  tube  configurations.  Furthermore, 
also  in  repetition  of  the  hovering  performance  results,  the  two  trailing 
edge  attachment  configurations  have  more  washout  at  the  higher  collective 
angles  than  do  those  configurations  with  leading  edge  attachment.  Figures 
30 and 31 present  similar  cantilevered  torque  tube  forward  flight  performance 
resfits  for  an  advance  ratio  of .35, for  two  of  the  selected  push-rod 
attachment  points.  Figures 32 and 33 then  present  corresponding  results  for 
an  advance  ratio  of .47. In all  these  figures  the  same  general  findings  as 
discussed  above  are  reinforced. 
Vibratory  Stresses - Figures 34, 35, and 36 present 1/2 PTP values  of  in- 
board  flatwise  bending  stresses,  inboard  edgewise  bending  stresses  and  outboard 
flatwise  bending  moments,  respectively,  for  the  model  with  the  pinned-pinned 
torque  tube.  Note  that  these  metric  system  stresses  can  be  converted  to  the 
English  system  using  Table I. General  observations  to  be  made  from  these  data 
are (1) that  the 1/2 FTP bending  moments  and  st.resses  are  monotonic  increasing 
functions  of  advance  ratio, (2) that  the  flatwise  bending  stresses  and  moments 
are  monotonic  increasing  ructions  of  blade  loading, C,/O, (3) that  edgewise 
bending  stresses  not  only  increase  faster  with  blade  loading  than  do  flatwise 
stresses,  but  appear  to  achieve  minimum  values  at  finite  values  of  blade 
loading,  and (4) that  the  stresses  are  relatively  insensitive  to  the  means by 
which  blade  loading  is  achieved  (collective  angle  vs.  shaft  angle  of  attack). 
Figures 37, 38 and 39 present  corresponding 1/2 PTP bending  stress  and  moment 
results  for  the  model  rotor  configured  with  the  cantilevered  torque  tube  and 
with  one of the  trailing  edge  push-rod  attachment  locations.  Similarly, 
Figs. 40, 41, and 42 present 1/2 FTP bending  stress  and  moment  results  for 
one  of  the  leading  edge  push-rod  attachment  locations.  Observations  which  can 
be made  from  these  figures,  when  compared  with  corresponding  pinned-pinned 
torque  tube  results  and  with  each  other  are: (1) that  the  inboard  vibratory 
flatwise  stresses  for  the  cantilevered  torque  tube  configurations  showed 
stronger  dependency  upon  blade  loading  than  did  those  for  the  pinned-pinned 
torque  tube, (2) that  the  cantilevered  torque  tube  cases  showed  considerable 
0.5 P oscillatory  behavior  at  the  higher  advance  ratio (p = 0.47), (3) that, 
for  the  cantilevered  torque  tube  configuration  with  trailing  edge  push-rod 
attachment,  the  vibratory  stresses  were  sensitive  not  only  to Ci/cr,  but  in- 
dependently  to  collective  angle  as well, (4) that,  at  the low blade  loadings, 
inboard  stresses  for  the  cantilevered  torque  tube  configurations  were  less 
than  those  for  the  pinned-pinned  torque  tube  configuration,  but  that  the  re- 
verse was true  for  the  outboard  flatwise  bending  moments,  and (5) that  the 
edgewise  stresses  for  both  torque  tube  configurations  showed  close  qualitative 
agreement  with  variations  in  blade  loading. An important  characteristic  of 
22 
the cantilevered torque tube configurations i s  that the (vibratory) push-rod 
load  d i rec t ly  cont r ibu tes  to  the  to ta l  v ibra tory  bending s t r e s ses   i n   t he  
flexbeam. Thus, it is  not unreasonable to find that the vibratory bending 
stresses should be independently affected by blade control angle. The source 
of the 0.5 P osc i l la t ions  i s  unknown, but the  r e su l t s  of the correlation study 
suggest that  the rotor may have been i n  a once every other revolution re- 
treating blade stall  condition, perhaps precipitated by the inherently soft  
tors ion system for cantilevered torque tube configurations. 
Control Angle Derivatives - For selected trimmed test  condi t ions all rotor  
control  angles (AIs ,  BlS, and as) were independently  perturbed  to  btain 
the  var ia t ions  in  performance and s t resses  due to  var ia t ions  in  these  cont ro l  
angles. Table V I 1  summarizes the performance perturbation results in the form 
of par t ia l  der iva t ives  of the  measured load coefficients (divided by solidity) 
with respect to each of the control angles. These results again demonstrate 
t he   l o s s  of control power experienced with the cantilevered torque tube con- 
f igu ra t ions  r e l a t ive  to  the  pinned-pinned torque tube configuration. Also 
shown i n  this tab le  i s  t h a t  i n  t h i s  advance r a t i o  range the lift coefficient/  
sol idi ty  der ivat ives  are  monotonic increasing functions of advance r a t io .  
This table f'urther corroborates Fig. 22 i n  showing that the cantilevered 
torque tube configuration with leading edge push-rod attachment has s ign i f i -  
cant ly  more control power than does that with t r a i l i n g  edge attachment. This 
is  consistent with the fact that the geometric pitch-flap coupling for the 
leading edge attachment configuration i s  posi t ive (destabi l iz ing)  whereas tha t  
f o r  t h e  t r a i l i n g  edge attachment configuration is  negat ive (s tabi l iz ing) .  
Geometric pitch-flap coupling is  defined herein as that calculated using pitch 
horn and mode shape geometry and discounting the washout due t o  flexbeam 
f l e x i b i l i t y  e f f e c t s .  The difference i n  pitch-flap coupling values for the two 
cantilevered torque tube configurations i s  also seen in the difference i n  
si@ for  the  lift coeff ic ient  der ivat ive with respect  to  longi tudinal  cycl ic ,  
a ( C J d m l ,  
The s t ress  per tubat ion resul ts  are  given i n  Figs. 43 through 47 f o r  
the same torque tube configurations and conditions given in TableVII. These 
f igures  each present the time-histories over one azimuthal revolution of 
inboard flatwise and edgewise bending s t r e s ses  fo r  t he  trimmed and plus and 
minus perturbations of control angles. Most notably these figures show tha t  
the var ia t ions of edgewise bending s t resses  with perturbations in control 
angles are generally small  relative to those for flatwise bending s t resses .  
The only case showing s ignif icant  var ia t ions in  this  s t r e s s  i s  the .35 
advance ratio case for the cantilevered torque tube with leading-edge push- 
rod attachment location (Figs. 47a through 47d). Less obvious from these 
figures i s  the  result that  the var ia t ions in  these s t resses  appear  to  be pre-  
dominantly first harmonic.  Furthermore, some cases  (Figs. 44a, 44d, 46d, 
47b, 37d) show significant differences in amplitude of var ia t ion  for  the  
plus and minus control angle pertubation, this would indicate nonlinear 
functional relationships of t h e s e   s t r e s s e s   t o  the control angles. 
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CORRELATION RESULTS AND ANALYSIS VALIDATION 
Time-histories of stresses and accompanying performance data for select- 
ed runs from t h e  experimental model t e s t s  were used as cor re la t ion  da ta  for  
val idat ion of  the rotor  aeroelast ic  analysis  (computer program G400, described 
i n  R e f .  1). Discussion of the details  of t h e  tes t  model and of the experi-  
mental wind tunnel tes t  procedures are contained i n  a previous section. This 
sect ion discusses  the correlat ion and analysis validation study which con- 
s i s t e d  of (1) selection of appropriate experimental . test  cases for correlation, 
(2) formulation of valid ground rules for meaningTul correlat ion and modifica- 
t i o n  of t h e  a n a l y s i s  t o  comply with them, and (3) actual  val idat ion of  the 
analysis by applying it €0  the experimental tes t  data.  The following sub- 
sect ions discuss  these component tasks .  
Selection of Correlation Cases 
A t o t a l  of twelve (12) t e s t  cases were selected for the purpose of 
program validation. The major cr i te r ion  for  se lec t ion  was t o  give a range 
of blade loadings (C,/O) , advance r a t i o s ,  and shaft angles representative 
of rea l i s t ic  fu l l - sca le  f l igh t  condi t ions .  In  addi t ion ,  cases  were specif i -  
ca l ly  chosen to   subs tan t ia te   the   opera t ion  of t he  program within l imited 
pardeter variation. Two cases were chosen at subs tan t ia l ly  the  same 
blade loading, advance r a t i o ,  and shaft angle but with two and four blades, 
respec t ive ly ,  to  es tab l i sh ,  i f  poss ib le ,  the  indep'endence of program correla- 
t i o n  t o  number of blades. Where possible, both pinned-pinned and cantilevered 
torque tube configured cases were chosen at comparable load condi t ions,  to  
va l ida te  program operation for each of these optional dynamic configurations. 
Within the cantilevered torque tube configured cases, both leading- and 
trailing-edge push-rod attachment location cases were selected.  Finally,  
since most experimental cases were run with the hub moments ( i . e .  , 1P f la twise 
stresses) very close to zero,  two cases were selected from a run with 
per turbat ions in  control  angles  to  show the isolated effect  of  substant ia l  
hub moment. Al of the twelve correlation cases used for the program 
val idat ion are summarized i n  Table V I I I .  
It i s  t o  be noted i n   t h i s   t a b l e   t h a t   t h e  pinned-pinned torque tube had 
essentially zero pitch-flat/edge coupling for a l l  modes, whereas the  
cantilevered torque tube configuration demonstrated significant (geometric) 
pitch-flat coupling. Because  of the existence of a "wobble mode" ( r i g i d  body 
torsion coupled with flatwise bending through the flexbeam bending flexibility) 
for  this  configurat ion,  actual  pi tch-f la t  coupl ing i s  dynamically phase lagged 
and modulated from t h e  geometric value (see R e f .  1). The geometric shaft 
angles l i s t e d  must be in te rpre ted  and used with reference t o   t h e   z e r o  l i f t  
hub angles of attack; for advance ratios of .25,  .35, and .47 the  zero l i f t  
hub angles-of-attack were, repsectively: -0.3, -0.7 and -1.0 degree.  Finally, 
the control  angles  indicated i n  t h i s  table are those as best estimated 
from the considerations discussed in the following subsection. 
Ground Rules for Establishing Correlation 
In establ ishing the proper  basis  for  correlat ion,  it became apparent 
that  the fol lowing factors  had t o  be considered: 
1. Using the  data o f  Table V I ,  it can be shown tha t ,  fo r  t he  ou te r  
25 percent span of the blades,  the various fl ight conditions tested 
defined a Reynolds number range of 80,400 t o  422,000.and a correspond- 
ing Mach  number range of .081 t o  .428. For t h i s  Reynolds number range 
and considering the clean airfoil  construction used on the  model 
blades,  boundary layer transit ion can be expected to strongly affect  
the  a i r fo i l  charac te r i s t ics .  Indeed ,  R e f .  10 shows, fo r  a ro tor  
opera t ing  in  t h i s  tes t  condi t ion  - Reynolds number range,  that :  
a)  t h e  advancing blade sections are exclusively laminar, b )  t he  low 
Reynolds number retreating blade sections are predominantly turbulent,  
and c)  the  ex ten t  of  t rans i t ion  i s  a strong monotonically increasing 
function of blade loading. 
2. Reliable NACA 0012 a i r f o i l  d a t a  i n  t h e  o p e r a t i n g  Reynolds number 
range for these model t e s t s  a r e  almost nonexistent. Extrapolation of 
existing (turbulent boundary layer )  NACA 0012 a i r f o i l  d a t a  i n t o  t h e  
low Reynolds number range thus becomes more of an expeditious procedure 
than an accurate estimate. 
3. Because the bear ingless  rotor  i s  a hingeless  rotor ,  substant ia l  1P 
stresses can easily be generated from LP blade angles-of-attack. 
Furthermore, these 1P stresses are generally capable of masking and/or 
diminishing the  higher harmonic content of t he  stresses. 
4. Several sources of e r r o r  i n  t h e  measurement of the 1P blade angles- 
of-aktack exist: 
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a.  Blade  control  angles  were  measured  primarily  at  the  nonrotating 
portions  of  the  swash-plate  by  means  of  potentiometers.  These 
measurements  inherently  lack  the  ability  to  account  for  torsional 
flexibilities  in  the  control  angle load path  above  the  swash  plate. 
Potential  sources  of  such  flexibility  include  the  swash  plate  itself 
and,  for  the  pinned-pinned  torque  tube  configuration  the  bushing  for 
the  inboard  retention  bolt  and  the  Thomas  coupling  at  the  outboard 
end.  While  these  latter  flexibilities  were  lacking  for  the  canti- 
levered  torque  tube,  the  bending  flexibility of the  spar  provided 
a mechanism  for  considerable  "washout"  of  the  inputted  control  angle 
(see  Ref. 1 for a discussion of this  flexibility).  This  represent- 
ed a sipificant problem  in  determining  the  actual  blade  angle  under 
rotating  conditions  for  the  cantilevered  torque  tube  configuration. 
b.  Reference  signals  from  the  potentiometers  for  the  zero  values  of 
control  angles  could 'at: best,  be  obtained only indirectly:  at  zero 
rotor  speed  using  an  inclinometer  or,  at  nominal  rotor  speed,  using 
thrust  measurements. 
c.  The  effective  rotor  (hub)  angle-of-attack  could  only  be  estimated 
from  the  measured  geometric  angle-of-attack  and  the  "zero  thrust" 
angle-of-attack,  i.e.,  the  geometric angle needed  to  null  the  thrust. 
This  latter  quantity  essentially  represents  the  vertical  deflection 
of  the  trimmed  flow  caused  by  model  blockage. A t  nonzero  thrusts, 
however,  both  blockage  effects  and  tunnel-floor  reflection  effects 
would  be  expected  to  increase.  These  two  effects  are,  furthermore, 
extremely  difficult  to  measure  or  estimate  and  no  attempt  was  made 
to  do 'so. 
d. It is likely  that  significant 1P components  of  inflow  exist 
within  the  test  section.  Beyond  any  possible  tunnel  swirl  (existing 
in  the  absence  of  the  test  model) a mechanism  exists  for  asymmetric 
flow  conditions:  the  motor  torque  which  is  imparted  to  the  air by 
the  rotor  creates,  in  effect, a differential  lateral  blockage.  That 
is,  the  equivalent  drag  center  for  the  rotor  model  is  laterally dis- 
placed  from  the  tunnel  plane of symmetry. 
The  above  Tour  items  are  all  probably  present  to  some  extent,  some  greater  than 
others.  Their  uncertainties  are  attributable  to  the  expense  and/or a lack  of 
praetrical  method  of  reliably  and  accurately  measuring  these  effects.  However, 
these  effects  are  not  considered  influential  in  achieving  the  primary  objective 
of this  study  which  is  to  evaluate  the  overall  feasibility  of  the  Composite 
Bearingless  Rotor. 
5 .  Measurement  of  rotor  thrust  is  relatively  reliable  and  accurate; 
repetitive  reference  signals  for  zero  thrust  were  easily  obtained  re- 
sulting  in  good  calibrations. 
6. The  effects of  blade  pitch  angle  and  structural  twist  of  the  flex- 
beam  (resulting  from  pitch  angle)  on  edgewise  loading  and  edgewise 
coupling  with  flatwise  should  be  significant  based  upon  the  order  of 
magnitude  of  terms  in  the  coupled  edgewise  bending  response  equation. 
Hence,  the  actual  blade  pitch  angles  should  be  as  closely  duplicated 
in  the  analysis  as  possible. 
A consideration  of  these  factors  led  to  the  following  selected  procedures 
for  correlation: 
1. The  airfoil  characteristics t o  be  used  as  input  to  the  aeroelastic 
analysis  were  estimated  from  the  results  of  numerous  previous  aero- 
dynamic  studies  made  of  rotors  tested  in  this  wind  tunnel.  Zero  varia- 
tion  in  Mach  number  (and,  equivalently,  Reynolds  number) was assumed 
and a typical  angle  of  attack  variation  in cay c , was assumed. 
Based  upon known stall  boundaries  for  similar  rotors  tested  in  this 
facility  (see  Ref. 10) a lift  stall  airfoil  section  angle  of  attack  of 
11 degrees was assumed,  with a gradual  stall  behavior  above  this  angle. 
Drag  coefficient  variation  with  angle-of-attack  was  selected  to  best 
simulate  various  measured  rotor  drag  and  torque  measurements.  Moment 
coefficient  was  selected  from  low  Reynolds  number  two-dimensional  data 
available  at UTRC. These  assumed  airfoil  characteristics  are  plotted 
in  Fig. 48. At  best,  they  are a coarse  approximation  and  represent  the 
most  probable  impediment  to  accurate  correlation;  this  is  especially 
true  for  the  drag  coefficient  upon  which  the  edgewise  stress  is o 
dependent. 
%/4 
2. Meaningful  stress  correlations  could  be  best  made  if  the  analysis 
were  first  run  in a trimming  mode  wherein  the  calculated  thrust  and 
first  harmonics  of  flatwise  stresses  were  appropriately  forced  to 
agree  with  the  measured  values  (actual  measured  thrust  and  null  values 
for  first  harmonics  of  inboard  flatwise  stress). The aeroelastic  analysis 
was thereby  modified: (1) to  trim  on  hub.  pitching  and  rolling  moments 
as  determ’ined  by  first  harmonics  of  blade  root  flatwise  stresses,  and 
(2) to  effect  the  trim  calculation  by  varying  the  zeroth  and  the  first 
cosine  and  sine  harmonic  components  of a generalized  Glauert  (momentum) 
inflow  model  (see  Ref. 1) keeping  control  angles  fixed. 
3.  For  the  pinned-pinned  torque  tube  configuration,  flexbeam  torsion 
strain  gage  data  were  used  to  determine  control  angles.  For  the 
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cantilevered  torque  tube  configuration,  however,  wherein  substantial 
torsion  flexibility  and  pitch-flat  bending  coupling  effects  obscure 
the  torsion  strain  gage  signals,  the  swash-plate  potentiometer  data 
were  used,  and a rigid-body  torsion  (wobble)  mode was included  in. 
the  analysis. 
4, It is assumed  that  the  primary  purpose of the  correlation  study  is 
to  validate  the  aeroelastic  analysis  in so far  as  it  adequately  simu- 
lates  the  primary  characteristics  peculiar  to  the  bearingless  rotor. 
Therefore,  although  the  analysis  has  provision for using  variable 
(vorticity  induced)  inflow  and  unsteady  (dynamic  stall)  aerodynamics, 
it was decided t o  use a more  conventional  inflow  description  (general- 
ized  Glauert  using  momentum  considerations)  and  the  usual  quasi-static 
airloads  formulation.  This  decision was further  justified  in  that 
first,  the  variable  inflow  would  be  expected  to  affect  only  the  higher 
harmonics  of  stress  at  the  cost  of  significantly  increased  computation. 
Secondly,  since  the  static  airfoil  characteristics  were kno n only 
approximately,  the  inclusion  of  unsteady  data was unwarranted.  These 
two  simplifying  approximations  should  be  kept  in  mind  in  the  discussion 
of  the  results  of  applying  the  analysis,  which  follows. 
Application  of  Test  Results  to  Analysis  Validation 
Using  the  parameters  defining  the  twelve  correlation  cases  given  in 
Table  VI11  together  with  the  considerations  discussed  in  the  above  subsection, 
the  rotor  aeroelastic  analysis was run to  simulate  these  test  conditions.  The 
results  of  these  correlation ru s are  given  in  Table IX, and  Figs. 49 through 
86. For  each of the twelve correlation  cases,  the  analysis  was  first  run  with- 
out a trim  calculation  using  the  control  angles  listed  in  Table  VIII,  and  then 
with  the  modified  trim  calculation  wherein  rotor  lift  and  first  harmonics  of 
flatwise  stress  at  the  root  were  matched  to  the  experimental  values.  The  trim 
was obtained  by  maintaining  the  control  angles  at  the  experimental  values  and 
varying  the  generalized  Glauert  momentum  coefficients, A, Ale, and 11,. In 
each  figure  the  experimental  values,  and  analytic  values  with  and  without  trim 
are  presented. 
The  performance  correlation  results  are  given  in  Table IX. Specifically, 
the  rotor  lift, drag, and  torque  coefficients  (per  solidity)  for  each of t e 
twelve  correlation  cases  are  listed  for  the  experiqental,  analytical  (non- 
trimmed),  and  analytic  (trimmed)  results,  respectively.  The  conventional 
(uniform) and  generalized  Glauert  momentum inflow ratios,  being  aerodynamic 
idealizations,  pertain only to  the  analytic  result  cases,  as  appropriate. 
Comparison  of  the  experimental  results  with  the  nontrimmed  analytic 
results  shows  that,  indeed,  the  nontrimmed  analytic  performance  results  are 
considerably  in  disagreement  with  the  experimental  performance  results. 
However,  comparison of the  experimental  results  with  the  trimmed  analytic 
results shows substantial  improvement  in  the  drag  correlation  and  moderate 
improvement.in  torque.  The  corresponding  lift  results  are,  of  course, 
essentially  identical  by  virtue  of  the  trim  calculation. As was discussed 
in  the  above  experimental  model  test  results  section  the  experimental  accuracy 
limits  on  the  lift,  drag,  and  torque  coefficient  (per  solidity)  were,  res- 
pectively, f.002, f.004 and f.003. Hence,  it  is  reasonable  that  correlation 
is  seen  to  be  best  for  the  higher  rotor  loaded  test  cases;  with  the  exception 
of  the  drag  results  for  case 72.06 the  trimmed  analytical  results  correlate  to 
within  the  experimental  accuracies  given  above. 
The  stress  time-ihistory  correlation  results  are  shown  in  Figs. 49 through 
86. These  results  consist  of  time  histories  of  blade  flatwise  and  edgewise 
stresses  at  the  spar  root ( r = .06 R)  and  blade  flztwise  moment  at a span 
of .42 R,  which  is  somewhat  outboard  of  the  torque  tube  to  flexbeam  juncture 
(r = .3l R). For  the  four  cantilevered  torque  tube  cases,  results  are 
additionally  presented  for  the  flexbeam  torsional  stresses  equivalently 
expressed  in  terms  of  flexbeam  twist  deflection.  The  results  for  the  twelve 
cases  defined  in  Table VI11 are  presented  sequentially  in  the  figures,  and 
each  of  the  four  Roman  numerically  designated  groups  in  Table VI11 are 
discussed  separately  below. 
As with  the  performance  correlation  results,  stress  time-histories  are 
presented  each  for  the  experimental,  .analytic  (nontrimmed)  and  analytic 
(trimmed)  results. 
Group I - Effect  of  Number  of  Blades - Since  the  aeroelastic  analysis 
used  in  this  study  assumes  hub  rigidity  and  momentum  inflow,  it  is  inherently 
independent  of  numbers  of  blades.  Hence  the  time-histories  presented  in  Figs. 
49 through 54 mainly  show  the  effect  of  number  of  blades  upon  the  experimental 
results  for  the  pinned-pinned  torque  tube  configuration.  The  effect  of  number 
of  blades  is  essentially  aerodynamic  and,  hence,  it  is  reasonable  to  expect 
that  the  results  found  for  one  torque  tube  configuration  would  apply  to  both. 
Case 25.03 (Figs. 49 through 51) and  case 87:& (Figs. 52 through 54) are  both 
at  approximately  the  same  flight  conditions  as  defined  by  advance  ratio,  blade 
thrust  loading,  and  control  and  hub  angles.  The  lowest  advance  ratio (p = .25) 
was  chosen  to  accentuate  the  aerodynamic  differences.  From  comparisons  of 
Figs. 49, 50 and 51 respectively,  with  Figs. 52, 53 and 54 the  following  obser- 
vations  can  be  made. 
1. The  qualitative  features of the  experimental  stresses  and  moments 
(peak-to-peak l e v e l s  and phase  angles )  a re  re la t ive ly  insens i t ive  to  number of 
blades. 
2. The four-bladed (case 87.08) s t r e s s  t ime  h i s to r i e s  show greater har- 
monic content than the two-bladed case time histories. This should reasonably 
follow from the increased variable inflow due t o   t h e  wake v o r t i c i t y  of the two 
additional  blades.  
3. The nontrimmed analyt ic  root  f la twise bending s t resses  show substan- 
t i a l   l a c k  of  correlation  with  the  experimental   values.  
4. The effect  of trimming is  t o  g r e a t l y  improve the root f latwise bending 
s t ress  cor re la t ion .  In  general, the phasing and harmonic content (mostly 
second) are well simulated. 
5.  The trimmed ana ly t ic  root  edgewise bending s t r e s s  r e s u l t s  show.moder- 
a t e  improvement over those for the untrimmed ana ly t ic  resu l t s .  The  main i m -  
provement appears t o  be in the phasings of the f irst  harmonic contents;  the 
first harmonic amplitudes do not agree well for these cases. 
Group I1 - Pinned-Pinned Torque Tube Configuration,  Flight  Condition  Variation - 
Time his tory"resul ts-for  cases  22.03, 22.04, 21.05 and 22.05 are  shown i n  
Figs. 55 through 66, and show the  e f f ec t s  of l imited f l ight  condi t ion var ia t ion 
upon correlation for the pinned-pinned torque tube configuration. The impor- 
tance of this  torque tube configurat ion to  the correlat ion s tudy i s  tha t  it i s  
v i r t u a l l y   f r e e  of any complicating pitch-flap coupling characteristics in con- 
t r a s t   t o   t h e   a l b e i t  mechanically simpler cantilevered torque tube configuration. 
In general ,  the  correlat ion resul ts  for  these four  pbnned-pinned torque 
tube cases show character is t ics  s imilar  to  those observed and discussed above: 
While the  untrimmed analyt ic  resul ts  correlate  very poorly,  the effect  of 
trimming i s  t o  g i v e  r e l a t i v e l y  good correlation. Specific observations which 
can be drawn fr& the trimmed ana ly t i c  r e su l t s  of Groups I and I1 combined 
are as follows: 
1. Root f la twise  s t resses   (Figs .  49, 52, 55 ,  58, 61 and 64): The pre- 
dicted second and -higher.harmonic contents and phasings are generally 
i n  good agreement with experiment. Correlation is  poores t  a t  the  low 
advance ra t io  cases  where the observed increased higher harmonic con- 
t e n t  i s  not simulated; correlation of harmonic content i s  consis tent ly  
exce l l en t  a t  t he  two higher advance ratios. The  mean or zeroth harmonic 
s t r e s ses  'do not  consis tent ly  correlate  wel l ,  however. 
2. Root edgewise s t resses  (Figs .  50, 53, 56,  59,  62, and 65) : These 
s t r e s ses ' a r e   bo th  observed and calculated to be predominantly 1P and the  
predicted values show moderate agreement i n  amplitude and phase with 
experiment. The predic ted  va lues  a re  genera l ly  smal le r  in  PTP amplitude 
than, and are phased more i n  advance of, experimental. These cases re- 
present concurrent variations in both blade loading and advance r a t i o .  
Comparison of  the resul ts  shows that  the azimuthal  maximum and minimum 
points  of the  1P component appear t o  be  sens i t ive  to  these  two parameters. 
While not shown in these correlat ive experimental  resul ts ,  the  effect  of  
blade loading change a t  cons t an t  advance r a t i o  was examined using harmonic 
analyses  of  s t resses  a t  other  f l ight  condi t ions.  There, it was consis- 
ten t ly  seen  tha t  a t  a given advance rat io  the phasing of  the 1P content 
of the  edgewise s t r e s s  was monotonically advanced ( i . e . ,  maximum s t resses  
occur a t  an e a r l i e r  azimuth angle) w i t h  increasing blade. loading or  
equivalently, with mean airfoi l  angle-of-at tack.  Thus, since the cases 
of Group I1 are also at  monotonically decreasing blade loadings,  the trend 
of 1P edgewise stress phasing seen in these correlation cases i s  consis- 
t e n t .  Although the analyt ic  edgewise s t r e s ses  a re ,  as noted, generally 
phased i n  advance of the experimental  results,  the combined blade loading- 
advance ratio trend appears to be reasonably well  correlated.  More w i l l  
be said on th i s  t op ic  of 1P edgewise s t r e s s  phase angle below i n   t h e  
discussion of the next group of correlation cases.  
3. Blade  outboard  bending moment (Figs. 51, 54,  57, 60, 63, and 66) : 
Despite a subs t an t i a l  va r i a t ion  in  advance r a t i o  and blade loading the 
experimental  results show the remarkable similari ty that the responses 
are predominantly lP,  3P, and 4P, and the  peak-to-peak values and genercrl 
azimuthal  s ignature  are  a l l  invariant .  The theo re t i ca l  r e su l t s  show a 
similar quali tative behavior in that there i s  no s igni f icant  PTP var ia t ion  
with these parameters either. The analyt ic  PTP values however a re  con- 
s is tent ly  less  than the experimental  values  as  a r e s u l t  of the  ana ly t ic  
results being predominantly only lP, 2P, and 3P. 
Group111 -.Effect ofHub Moments- Becauseoftheproximity  of the first edge- 
wise mode .frequency t o   1 P  (G1 = 1.35), the  low inherent damping of t h i s  mode 
and the  poten t ia l  for  s ign i f icant  e las t ic  coupl ing  of  edgewise bending with 
flatwise bending due t o  twist, it i s  reasonable t o  allow that blade edgewise 
1P s t resses  m i g h t  be a function of 1P flatwise bending, or equivalently rotor 
hub  moment. Since the aeroelastic analysis predicts zero elastic coupling of 
f la twise and edgewise bending due t o  twist a fur ther  test of the  analysis 
is t o  compare analyt ical ly  predicted edgewise stress responses with experimen- 
t a l  ones t o  d e t e c t  t h i s  coupling, i f  p re sen t .  In  o rde r  t o  i so l a t e  t h i s  e f f ec t  
correlat ion was attempted with cases 11.05 and 11.06 which d i f f e r  by 1.3 
degrees of B1 as shown i n  Table V I I I .  Case 11.05 i s  essent ia l ly  a zero hub 
,. 
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moment (zero 1P flatwise bending) case whereas significant 1P flatwise bending 
i s  present  in  case 11.06 as is  shown by contrasting Figs. 67 and 69. Figures 
68 and 701 show the corresponding edgewise stresses fo r  t hese  two conditions. 
It can readi ly  be seen that,  al though the analytic results show a ' subs tan t ia l ly  
advanced phase angle from the experimental results, t h e  PTP edgewise stresses 
correlated.  A s  was d iscusssed  in  the  Group I1 results the phasing of t h e  1P 
edgewise stresses appears t o  be a strong function of some combination of 
blade loading, or equivalently, mean blade section angle of attack and of 
advance ratio. Indeed, cases 11.05 and 11.06 being low disk loading cases, 
show a relatively retarded 1P phase angle and are thus consis tent  with this  
general  trend  discussed earlier. 
. and the  negl ib i l i ty  of  1P flatwise bending upon edgewise bending are well 
Group IV - Cantilevered Torque Tube  Conf igura-tion, Flight  Conditionvariation- 
Unlike the pinned-pinned torque tube, the cantilevered torque tube intro- 
duces a significant degree of elastic coupling between flatwise bending and 
r i g i d  body feathering. The primary resulting coupled mode is  referred herein 
as t h e  "wobblef1 mode. Direct  consequences  of t h i s  coupling are: a )  cont ro l  
angle "washout" wherein swash-plate input angles, considerably larger than those 
f o r  a pinned-pinned configuration, are required to achieve comparable perfor- 
mance and/or t r i m ,  b )  genera l  inabi l i ty  to  e l imina te  p i tch- f la t  coupl ing  for  
more than one bending mode at a time, c)  resul t ing pi tch-f la t  coupl ings mani- 
fes t ing  dynamic amplifications and phase lags due t o   t h e  impedance character- 
i s t i c s  of t h e  wobble mode, and d)  a relat ively ' l sof t l l  tors ion system with the 
potential  for coupling with a l l  t h e  major lower frequency modes. 
A mathematical requirement for the successful modeling of this elastic 
coupling i s  t h e  a b i l i t y  50 calculate  the force-def lect ion character is t ics  of  
t h e  flexbeam-torque  tube  assembly at t h e  push-rod attachment  point.  That i s ,  
t h e  out-of-plane deflection of this attachment point accruing from blade flex- 
beam bending f l e x i b i l i t y  and due t o  a paral le l  directed uni t  load at that  point  
must be accurately calculated. Reference 1 describes some of t he  ae t a i l s  i n -  
volved i n  t h i s  calculat ion,  which i s  an internal  port ion of  the aeroelast ic  
analysis and uses transfer matrix techniques. This calculation was sat isfac-  
tori ly validated experimentally by measuring the   f l ex ib i l i t y   o f  a s t a t i c a l l y  
mounted blade spar (flexbeam) loaded in  tens ion  to  s imula te  the  cent r i fuga l  
load. For the nominal condition, a f l e x i b i l i t y  o f  .440 mm/N was calculated 
versus a measured value of ,414 mm/N for  the blade spar  with an equivalent 
s t a t i c  t o r s ion  load .  The use  of  th i s  f lex ib i l i ty  for  modeling t h e  e l a s t i c  
r e s t r a i n t  and "dynamic" pitch-flat  coupling of the wobble-mode i s  a l so  des- 
c r ibed  in  Ref. 1. 
The time-histories,  shown in  F igs .  71 through 86, present the correlative 
results for  the  cases  of  Group I V .  Specif ical ly ,  they show comparisions between 
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experiment and theory  for  l imi ted  var ia t ions  in  f l igh tzondi t ions  and 
pitch-flat  coupling, as determined by push-rod/torque tube attachment point 
locat ion.  In addi t ion t o  those  s t ress  and moment quan t i t i e s  similarly shown 
for t he  pinned-pinned torque tube configuration, flexbeam torsion deflec- 
t i o n  results are  a lso presented.  The to r s iona l  r i g id i ty  of the  pinned-pinned 
torque tube configuration discussed above i n  Groups I, 11, and I11 was re la -  
tively high (%e = 6 . 0 ~ ) .  Hence, t h e  flexbeam was e f fec t ive ly  uncoupled 
in  to r s ion  so t h a t  i t s  tors ion  s t ress ,  or equiva len t ly ,  e las t ic  twist was 
substantially determined by t h e  swash-plate input angles. Indeed, the time- 
h i s to r i e s  of  the  flexbeam torsion deflections for the pinned-pinned torque 
tube cases were regularly sinusoidal and consequently used t o  e s t a b l i s h  t h e  
effective control input angles.  Because  of their  regularity,  formal presen- 
ta t ion of  these t ime-his tor ies  would have been superfluous and was consequently 
omitted. In the case of the cantilevered torque tube,  however, the tors ion 
system was r e l a t ive ly  so f t ,  owing to  the  inc lus ion  of f la twise  bending f lex-  
i b i l i t y  i n  the  e f f ec t ive  to r s ion  r e s t r a in t .  The t ime-histories of flexbeam 
e l a s t i c  twist, i n  t h i s  c a s e ,  became multi-harmonic; superimposed on the  l / r ev  
character due t o  swash-plate inputs were the multi-harmonic responses of the 
wobble-mode. Thus, t he  flexbeam torsion traces ceased to be a source  of  input 
ca l ibra t ion  and,  moreover, became an addi t iona l  cor re la t ive  quant i ty .  Spec i f ic  
observations to be drawn from the trimmed analyt ic  resul ts  of  Group IV a re  a s  
follows : 
1. Blade root  f latwise  bending  stress  (Figs.  71, 7 5 ,  79, and 8 3 ) :  The 
predicted results follow the same trends observed fo r  the pinned-pinned torque 
tube. Ln general ,  the low  advance r a t i o  (p = .25) results underpredict  the 3P 
(and higher) results,  but the higher advance r a t i o  (p = 0.47) r e su l t s  a r e  in  
excellent agreement. The  mean value i s  also well  correlated but not consistent.  
2. Blade root edgewise  bending s t ress  (Figs .  7 2 ,  76,  80 and 84) : Again 
the predicted results follow the same trends observed for the pinned-pinned 
torque tube. The predominantly 1P PTP amplitude i s  underpredicted and phased 
i n  advance of the experiment. 
3. Blade  outboard  bending moment (Figs. 73 ,  77, 81 and 85) : Whereas the  
lower advance r a t i o  r e s u l t s  a r e  seen t o  p a r a l l e l  t h e  r e s u l t s  f o r  t h e  pinned- 
pinned torque tube, the predicted harmonic r e s u l t s  f o r  the higher advance 
r a t io  case  a re  in  ve ry  good agreement with the experiment. 
4.  Flexbeam torsion  deflec'cion  (Figs. 74, 7 8 ,  82 and 86) : The predicted 
results are predominantly 1P and cor re la te  the  1P in amplitude and phase 
excellently.  It should be noted that these time-histories each represent the 
sum of col lect ive and cyclic swash-plate inputs together with the substantial  
wash-out due t o  mean and 1P wobble mode responses, as reference to Table VI11 
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shzws. The higher harmonics (mainly 2P,  3P, and 4P) seen in the experimental  
results are not well  simulated; this i s  consistent with the underprediction 
of both 3P root flatwise bending and 1P root edgewise bending whose product 
would thus const i tute  an underpredicted 4P torsion response. 
5 .  Subharmonics of  case 73.08 (Figs. 83 t h r u  8 6 ) :  These figures  each 
show two ex-perimental time his tor ies  for  the plot ted azimuthal  per iod of 360 
deg.: these multiple traces each represent the two halves of t ime histories 
which repea t  in  a regular fashion with an azimuthal period of 720 deg. Thus, 
the responses are manifesting (stable) O.5P subharmonic charac te r i s t ics .  
Examination of the experimental  portion of these figures shows tha t :  
a )  The experimental O.5P subharmonic content i s  most dominant i n  t h e  
blade root f latwise and edgewise bending responses. 
b )  The experimental flatwise bending stresses (Fig. 83) show the  
greatest  degree of  diss imilar i ty  between revs on t h e   r e t r e a t i n g   t o  
a f t  por t ion  of  the  d isk .  The d i s s imi l a r i t y  i s  one pr imar i ly  in  leve l  
and secondarily of phase, since the maximum and minimum points occur 
a t  approximately the same azimuth angles. 
c )  The d iss imi la r i ty  of  edgewise  bending stresses (Fig.  84) between 
revs i s  mainly one of phasing;  the t ransi t ion from maximum s t r e s s   t o  
minimum i s  either lagged o r  advanced between revolutions, again on the  
r e t r ea t ing  to  a f t  po r t ions  of  the disk.  
d )  On t h e  a f t ,  advancing to  leading port ions of the disk the experimental 
flatwise bending and torsion responses both show a d iss imi la r i ty  between 
revs in  2P amplitude with the phasing virtually unchanged. 
The above r e s u l t s  can be in t e rp re t ed  to  a cer ta in  extent  by noting that 
in  Fig.  83, on the retreat ing s ide for  revolut ion no. 1, the flatwise bending 
response i s  unable to  sustain the increased 2P response amplitude shown  on 
the advancing side. Moreover, a t  an azimuth of approximately 225 degrees, the 
rev.  no. 1 appears t o  demonstrate a stalled characterist ic.  Furthermore,  
examination of Figs. 84 and 85, respectively,  show for  the  rev .  no. 1 portions 
of the  responses ,  tha t  a t  the  forward portion of the disk the blade concur- 
rent ly  has  an increased af t  lag rate  and an increased pitch angle, both con- 
duc t ive  to  s t a l l .  The analytic predictions on the other hand  show a s imilar  
stalled characteristic. Indeed, although not shown, examination  of  the  details 
of  blade angle  of  a t tack dis t r ibut ion for  this  analyt ic  case show the  b l ade  to  
be mildly (quasi-statically) stalled over the azimuthal sector defined from 
230 degrees t o  330 degrees. Thus, i t  would appear probable that a pr incipal  
source of the experimental O.5P subharmonic response i s  a subharmonic s t a l l i n g  
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of the blade on the  re t rea t ing  s ide .  It i s  l i k e l y  t h a t  t h i s  s t a l l i n g  i s  
aggravated by t h e  subharmonic inc rease   i n  2P torsional responses which are 
a probable result f i r s t  o f  the  h igher  coupl ing  of  to rs ion  wi th  the  f la twise  
bending responses, which themselves are mainly 2P, and second, t he  g rea t e r  
suscept ib i l i ty  of  %lade  tors ion  to  ( re la t ive ly)  low frequency excitation 
due t o   t h e   i n c r e a s e d   t o r s i o n a l   f l e x i b i l i t y  of this torque tube configuratbon. 
Correlation Study Evaluation & Comments 
Based upon t h e  d e t a i l s  of the correlation cases discussed above and 
recall ing both the experimental  l imitations and t h e  assumed aerodynamic 
s implif icat ions,  it i s  general ly  concluded that  the aeroelast ic  analysis  
predicts blade bending and torsion responses consistent with rotor 
performance  with  reasonable  accuracy. It i s  furthermore  concluded  that 
the  ana lys i s  i s  su i tab le  for  the  aeroe las t ic  ana lys i s  of t h e  f u l l  s c a l e  
design. Other more spec i f ic  comments t o  be made concerning analysis 
correlat ion are  as follows: 
1. It i s  l i ke ly  tha t  t he  ana lys i s  was run with inaccurately defined 
fl ight -condition parameters for several  of the correlat ion cases  i n  t h a t   t h e  
analysis of some of the correlat ion cases  (87.08, 22.04, 21.05, and 73.08) 
achieved exceptionally good correlat ion for  a l l  s t r e s s  and moment var iables .  
2. Correlation  tended t o  improve with advance rat io .  This  t rend i s  
most' l i k e l y  due t o   t h e  known reduction of variable inflow effects with speed. 
3. Best  correlation was achieved  with  inboard flatwise stress. The most 
probable reason for this i s  t h a t  t h i s  v a r i a b l e  i s  s o  strongly a function of  
l i f t i n g  a i r l o a d s  which are the  most l i nea r  and can thus most accurately be 
approximat ea. 
4 .  Actual one-to-one correlation of edgewise stress both  in  magnitude 
and phase was only moderate. However, the trends of edgewise s t ress  wi th  
parametric variation were duplicated with reasonable accuracy. Since the 
edgewise s t resses  were predominantly one per rev it i s  most l i k e l y  t h a t  t h e  
edgewise stresses were governed mainly by aerodynamic drag forces.  It i s  
therefore  l ikely that  the only moderate  correlat ion of edgewise s t resses  i s  
due to  the  coarseness  of t h e  assumed model a i r fo i l  d rag  charac te r i s t ics .  
5. Correlation  of  the  predominantly  one/rev  flexbeam  torsion  stresses 
for  the cant i levered torque tube was excellent.  Higher harmonics of t h i s  
to rs ion  s t ress  were consistently underpredicted, however. 
6 .  The 0.5P  subharmonic responses of case 73.08 were not successfully 
simulated. One probable reason for t h i s  discrepancy i s  t h a t  t h e  model ro tor  
appeared to be stall ing every other revolution and was therefore  a strongly 
aerodynamic phenomenon requir ing  accurate   a i r foi l   drag  data  which wasn't 
available.  
7. The analysis accurately predicted a minimal influence of 1 P  f la twise  
bending on edgewise s t resses .  
8. The analysis correlated well  in a passive sense in that it did not 
predict  unstable motion f o r  any case which was observed t o  be s table .  
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FULL SCALF: DESIGN 
The primary objective of conducting a preliminmy full-scale  design  as 
part of this  feasibility  study  were 1) to  enable  an  experienced rotor designer 
to examine  the  practical  aspects of the CBR from  the  viewpoint of fabrication 
and total  system  requirements,  and 2) to  provide  realistic  blade  massandstiff- 
ness  Characteristics for use in the  aeroelastic  analysis  discussed in a later 
section of this  report.  The  specific  rotor  size was not  of  particular  impor- 
tance.  It was believed,  however,  that a relatively  large  rotor  would  be of 
greater  significance  since  there  has  been a g eral  concern  over  the  ability 
to scale up relatively small hingeless  rotors  (diameters  less  than 12m (40 ft)) 
for large  helicopter  applications. An s-61 size  aircraft was selected  having 
a 4-bladed  rotor  with a diameter of 18.9 m (62 ft),  chord of .58 m (1.9 ft), 
and a design  tip  speed of 198 m/sec (650 ft/sec).  Initially,  blade  frequencies 
typical of conventional  hingeless  rotors  were  selected,  i.e.,  first  mode  flat- 
wise  frequency  slightly  greater  than  one-per-rev  and  first  edgewise  frequency 
between  one-per-rev  andtwo-per-rev.  It was felt  that  such a design  would  be 
relatively  free of instabilities  and  the  aeroelastic  analysis  could  focus  ex- 
clusively  on  the  dynamic  characteristics  associated  with  the CBR and not  be 
influenced  by  unrelated  dynamic  phenomena of hingeless  rotors. Two designs 
were  considered,  one  having a cantilevered  control  torque  tube,  and  the  other 
having a control  torque  tube  with a "snubber"  support  at  the  root  end  to  elim- 
inate  pitch  coupling  associated  with  flapwise  motions f the  torque  tube.  The 
decision  to  -Include  the  snubber  design was influenced  primarily  by an early 
wind  tunnel  investigation  in  which  adverse  coupling was experienced  under  cer- 
tain law tip  speed  operating  conditions.  Although  the  test was exploratory in 
nature  and  the  coupling  arising  from an mealistic off-design  operating  con- 
dition,  it  demonstrated  the  potential for undesirable  coupling in the  canti- 
lever  torque  tube  design  which  should  be  thoroughly  evaluated  before  proceeding 
to  full-scale  development.  It was thus  decided  that  both  torque  tube  concepts 
be  configured SO that  preliminary  design  information  would  be  available  for 
each. 
A comprehensive  aeroelastic  analysis of the  full-scale  design  is  presented 
in a later  section, and in this  analysis only the  "snubber"  design  is  studied. 
The  extent  of  this  study was such  that  only  one  design  could  be so investigated, 
and it was decided  that  the  first  generation CBR to reach  flight  status  would 
probably  be  of  the  snubber  design -- the  minimum  risk  approach.  However,  both 
designs  were  evaluated  in  the  model  wind  tunnel  program. 
Several  composite  materials  were  available  that  could  possibly  satisfy  the 
stiffhess  requirements  of  the CBR. Most  notable  were  fiberglass,  boron/epoxy, 
graphite/epoxy. mom the  standpoint of cost,  fiberglass was the,  obvious 
choice;  however,  due  to  its  lower  bending  modulus, an increased  flexbeam 
cross-section would be required to achieve the desired frequencies. %tis would 
a l so  necess i ta te  an increase  in  flexbeam length since i t s  to r s iona l  s t i f fnes s  
would go up due to  the  la rger  c ross -sec t ion .  The shear modulus of fiberglass 
is approximately equivalent t o  that ofgraphite/epoxy so t h a t  no benefit  in re- 
duced to r s iona l   s t i f fnes s  can be rea l ized   in   us ing   f iberg lass  with low bending 
modulus. Graphite/epoxy w a s  selected  over  the boron/epoxy primarily due t o  i t s  
lower cost  and greater machinability. It was also favored because of the ex- 
perience gained i n  i t s  use  dur ing  the  in i t ia l  s tud ies  and experiments conducted 
i n  developing the CBR concept. 
The design features of both the cantilever and the  snubber torque tube 
configurations are described in the following paragraphs. 
Cantilever Torque Tube Design 
The general  layout of the cantilever torque tube design i s  shown i n  Fig. 
87. The i n i t i a l  requirements that set the basic spar dimensions were a f irst  
f la twise mode frequency between 1.05 P and 1.10 P to ensure good handling 
qua l i t i e s ,  a first mode edgewise frequency greater than 1.25 P t o  provide ade- 
quate separation from the primary edgewise excitation frequency of 1 P, and a 
flexbeam to r s iona l  s t i f fnes s  su f f i c i en t ly  law so as no t  t o  exceed the push-rod 
design loads or the control actuator limits. The f la twise and  edgewise fre- 
quencies are determined primarily by the flexbeam thickness and chord dimen- 
sions. The to r s iona l  s t i f fnes s  i s  determined primarily by the flexbeam 
thickness and length. The .flexbeam that satisfied these requirements was 2.44 
m (96 in . )  i n  l eng th ,  t ape red  in  chord from 0.305 m (12 i n . )  a t  the  hub 
(Station 15) t o  0.203 m (8 i n . )  a t  S t a t i o n  111, and tapered in  thickness  from 
3.05 cm (1.2 i n . )  t o  2.54 cm (1.0 in.) over this same span. The  flexbeam 
could ei ther  be jo ined   t o   t he   b l ade   a t   S t a t ion l l l by  means of a conventional 
bo l ted  jo in t  o r  carried through t o  t h e   t i p  forming the primary structure of the 
entire blade.  The dec is ion  to  car ry  through to  the  t ip  o r  have a j o i n t  a t  
Stat ion ll1 depends upon composite materials manufacturing facil i t ies,  trans- 
portabil i ty requirements,  and blade folding requirements. The design selected 
f o r  this study was of the continuous spar type where the spar  carr ied fran the  
t i p  of one blade through t o  t h e  t i p  of the opposing blade. The chorddimensiion 
of the outboard spar was maintained a t   the   va lue  at S ta t ion  111 (0.203 m); 
however,the reduced f la twise s t i f fness  contr ibut ion required of the outboard 
spar allowed the thickness to be tapered from 2.54 cm (1.0 i n . )   t o  0.64 cm 
(0.25 in .  ). 
The blade cover i s  comprised of graphite/epoxy with + 45 deg f iber  a l ign-  
ment t o  provide maximum t o r s iona l  s t i f fnes s .  The skin thickness was s e t  at 
0.102 cm (0.040 in . )  which was suff ic ient  to  provide a f ixed root  tors ional  
frequency of greater than 5 P. The leading edge is  protected with a s t ee l /  
n icke l   p la ted 'abras ion   s t r ip  and extends from the outboard end of the torque 
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tube  to  the  blade  tip  cap. A t s m a l l  abrasion  strip also covers  the  leading  edge 
of the  tip-cap.  Nomex  honeycomb  is  used  to  fill  the  cavity  between  the  spar 
and  cover  and  structurally  bonded  to  both  to  form a blade  which  is  relatively 
rigid in torsion.  The  leading  edge  incorporates a molded  counterweight  con- 
sisting of  lead  shot  and  adhesive  to mass balance  the  blade  at  the  quarter 
chord. 
The  torque  tube  is  cantilevered  from  Station u1 nboard  to  station 19. 
,The  torque  requires  not  only  high  torsional  rigidity  to  transmit  control  input 
to  the  flexbeam  but  also  requires  high  flatwise  bending  stiffness  to  prevent 
large  bending  deflections  caused  by  the  pushrod  loads. To accomplish  these 
requirements  both + 45 deg  plies  and 0 deg  plies  are  laminated  resulting in a 
maximum skin thickness  of 1.52 cm (.6 in. ) at the  juncture  tapering  to 0.25 cm  at 
Station 19. The  thickness also tapers  to 0.25 cm at  the  leading  and  trailing 
edges  of  the  torque  tube. In order  to  accommodate a total  pitch  travel  of -10 
deg  to +35 deg  and  to a l l o w  for  the  bending  deflection  of  the  torque  tube 
under  the maximum push  rod  load  total  thickness of 43.2 cm (17 in.) was 
required. 
The flexbeam  design was initiated  by  prescribing  that  the  flexbeam 
cyclic  shear  stress  not  exceed  the  design  allowables  under  maximum  cyclic 
pitch  condition.  The  allarable  stress  was  set  at 24 MN/m2 (3500 psi). This 
level was established  from  the  fatigue  tests  reported in a separate  section of 
this  report,  wherein  an  average  fatigue  limit of 48 MN/m2 (7000 psi)  (defined 
as a 10 percent  reduction in modulus  after lo7 cycles) was measured.  Applying 
a safety  factor of 2 gives  the  design  limit of- 24 MN/m2.  The  cyclic  pitch 
required  at  the  trimmed  high  speed  condition  of 170 kn was  approximately 10 
deg. A conservative value of 15 deg was selected  to  include meuvers. Using 
the  midflexbeam  station  as  representative,  the  stress  is  calculated  from  the 
following  equation 
t G  e f, = -a 
where t and 4 are  the  flexbeam  thickness and length,  respectively.  Solving 
for  flexbeam  length, 
Further  conservatism was added  by  extending  the  length  to 2.44 m (96 in.)  to 
cover  possible  stress  concentrations  and  variations  in G. For this  flexbeam 
length  the  calculated maximum cyclic  stress  at  the  midpoint  is 18.6 MN/m 
(27OO psi), well  below  the  fatigue  limit. 
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To minimize  the  steady.torsional,  stress  in  the  flexbeam a built-in  twist 
of 13.5 deg was used. This represents  an  average  collective  pitch  estimated 
for a typical  helicopter  mission.  The  built-in  twist  is  incorporated  during 
the  material  layup  of  the  flexbeam  where  the  actual  mold in which  the  beam is
cured  is  twisted  to  the  required  angle  prior  to  layup.  The  aerodynamic  twist  rate 
of the  outboard  portion  of  the  blade  is -4deg,  and  the  airfoil  section NACA 
0012. If desired,  the  twist  and  airfoil  section  could  be  easily  modified in 
the  mold  designs for  the  spar  and  skin;  however,  for  the  purposes  of  this 
feasibility  study  conventional  airfoil  and  twist  were  used. 
A preliminary  aeroelastic  analysis,  performed  after  the  preliminary  design 
study,  revealed  lowly  damped  coupling  between  several  bending  modes  and  the 
rigid  body  torsion  moae  (wobble  mode  acting  about  pushrod  support  point)  at a 
high  forward  speed  condition. This condition was improved  with  the  addition 
of an 11.35 kg (25 lb)  tip  weight. 
The  blade  mass  and  stiffness  characteristics  are  given in Figs. 88 thru 90 
and  torque  tube  and  flexbeam  information  is  given  in.  Pigs. 91 thru 93. A 
summary  of  the  blade  uncoupled  natural  frequencies  is  presented in Figs. 94 
and 95. It  should  be  noted  that  these  figures  contain  results  for  both  sub- 
critical  and  supercritical  designs.  These  represent  the  two  configurations 
studied  in  the  aeroelastic  analysis and refer  to  the  frequency  placement of 
the  first  edgewise  mode. A subcritical  designation  represents a first  edgewise 
frequency of greater  than  the  rotational  frequency  and  is  the  design  described 
in this  section.  The  supercritical  represents an edgewise  frequency  less  than 
rotational  frequency.  The  decision  to  examine  the  superciritical  case w s made 
following  the  completion  of  the  full-scale  design  effort  described in this 
section.  Further  discussion  of  the  supercritical  case  is  presented in the  Aero- 
elastic  Analysis  Section. 
Snubber  Torque  Tube  Design 
The  layout for the  snubber  torque  tube  design  is  shown in Fig. 96. The 
general  design  features  of  this  configuration  are  identically  equivalent  to 
those  of  the  cantilever  design  except  for  the  torque  tube  characteristics. In 
this  design  an  additional  support  point  is  provided  for  the  torque  tube. In
addition  to  the  juncture  at  the  outboard,  end  of  the  _flexbeam  and  the  attach- 
ment  point  of  the  push  rod,  an  elastomeric  snubber i  inco porated  at  the 
inboard  end  of  the  torque  tube  and  bonded  to  it  and  the  flexbeam.  With  such 
a three  point  support  essentially all pitch  coupling  due  to  flapping  is  elim- 
inated. In this  design  the  torque  tube  is  not  required  to  transmit  bending 
moments,  only  torsional  moments,  and  thus  only +45 deg  fibers  are  used.  The 
skin  thickness  is  constant  at 0.25 cm (0.1 in.). Also, to  achieve  the  condi- 
tion  of low bending  moments in the  torque  tube,  the  total  thickness  of  the 
torque  tube  at  the  juncture  is  reduced  to  that  of  the  blade  itself  and  the 
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fiber  angles  are  increased  beyond * 45 deg to affect  a  reduction in bending I 
modulus at this point.  The resulting  structure  remains  relatively  high in
torsional  stiffness  but  reduced  significantly in flatwise  bending  stiffness. 
The total torque  tube  thickness at Station 19 to accanrmodate the 45 deg pitch 
requirement is 38.6 cm (15.2 in. ). The structural  and  frequency  information 
presented in Figs. 88 to 94 also apply to the snubber  torque design. 
The total  blade  weight  amounted  to 120 kg (265 lb) and  the hub plates 
145 kg (320 lb). In comparing CBR weight  with  a  conventional  articulated  rotor 
of the  same  diameter  and  solidity, an additional 45.4 kg (100 lb) are  added to 
account for a  somewhat  larger shaft to accommodate  the  larger hub  moment  capa- 
bility. This results in a total rotor  .weight  plus  added  shaft  weight of 671 kg 
(1480 lb) which is approximately 23 percent  less than the  articulated  rotor. 
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AEROELASTIC ANALYSIS OF 
FULL-SCALE  DESIGN 
\ 
! Selection  of  C nfiguration  Details and Variants 
' ,  The spec i f ic  component s t ruc tu ra l  elements of the full-scale design were 
sized by the fundamental requirements of strength (torque tube and flexbeam), 
and by sat isfying basic vibrat ional  character is t ics  ( i .e . ,  absence of  integral  
harmonic resonances). Variants of the basic design, however sat isfactory they 
might be on the basis  of  these fundamental requirements, must show sa t i s fac tory  
performance i n  a va r i e ty  o f  mre  comprehensive aeroelast ic  categories .  I n  
addit  ion,  even within the confines of the basic design, as def ined in  the 
previous section, considerable lati tude exists in the proper selection of 
various details which could profoundly affect  the aeroelastic characterist ics.  
Consequently, a proper design analysis should include an investigation of the 
e f f ec t s  of parametric variation of these details .  To satisfy these require- 
ments the general aeroelastic analysis described in Reference 1 and validated 
in  the  co r re l a t ion  sec t ion  o f  t h i s  r epor t  was employed. This section presents 
the  resu l t s  of  apply ing  th i s  ana lys i s  in  i t s  var ious specif ic  categories  to  
variants of the full-scale rotor design. More spec i f ica l ly ,  two basic  nominal 
blade designs were selected: one, a subcrit ical  configuration wherein the 
uncoupled first edgewise modal frequency was se t  near  to  l . 3P  and the other ,  a 
supercritical case wherein the edgewise frequency was se t  near  to  0 . 8 ~ .  The 
former value was selected for  subcri t ical  operat ion as  it provided adequate 
separation from 1 P  and 2P and generally represented the state-of-the-art. The 
l a t t e r   va lue  was selected as being a conservative value from an a i r  resonance 
standpoint based upon the results of References 11 and 12. 
A s  was discussed in the previous section, although two different torque 
tube configurations were des'igned, only the snubber design was used herein.  
The nominal torque tube properties for the snubber design are shown in Figures 
91 and 92 and compared with those for thecantilevered design in Figure 91. 
In i t ia l  aeroe las t ic  ca lcu la t ions  showed tha t ,  for  the  supercr i t ica l  des ign ,  
t he  nominal torque tube stiffnesses raised the effective (coupled) f irst  edge- 
wise modal frequency t o  0 . 8 8 ~ .  Indeed, calculated time history responses 
indicated nexcessive" 1 P  edgewise  responses for  this  configurat ion.  Conse- 
quently,  the supercrit ical  design was reconfigured with flatwise and edgewise 
torque tube s t i f fnesses  equal  to  25 percent of the nominal values as used i n  
the subcri t ical  design.  This  reduct ion in  s t i f fness  lowered the effect ive 
f irst  edgewise frequency t o  0 . 8 1 ~ .  In addition, whereas the nominal  push-rod 
radial attachment point of 21 in .  is used for  the subcri t ical .  design,  a value 
of 19 in.  is used for the supercrit ical  design. This value was se lec ted  to  
eliminate a l l  s ignif icant  amounts of geometric pitch-flat and pitch-edge 
coupling from the supercritical design. Conventional NACA 0012 a i r f o i l  data 
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i were used wi th  an incremental drag coefficient of 0.002 t o  account for 
operational surface roughness. The b u i l t - i n  precone  and  prelead  angles  were 1 
assumed t o  be 3.5 degrees and zero, respectively. In both rotor configura- / 
t ions  three  (3)  f la twise ,  two (2) edgewise, and one (1) torsion (uncoupled) 
modes were assumed for  the  b lade  elastic description. A s t ruc tu ra l  damping 
equivalent c r i t i ca l  damping r a t io  o f  0.015 was assumed for the  edgewise modes. 
Except where noted, the  f u l l  redundant analysis capabi l i ty  of  the aeroelast ic  
analysis (as 'described in Reference 1) was u t i l i zed .  The folluwing subsections 
w i l l  descr ibe ,  in  tu rn ,  the  resu l t s  of the eigensolution analysis, the choice 
and calculation of the basic trim cases, aerodynamic s t ab i l i t y   de r iva t ives ,  
transient responses due t o  p a r t i a l  m a t e r i a l  failure, the effects of unsteady 
aerodynamics, and the results of  blade t ransient  s tabi l i ty  analyses  of  both 
the cantilevered torque tube configured tes t  model ro tor  and the fu l l - sca le  
design . 
Eigensolutions 
The eigensolut ions of  interest  that  are  available are the %acuum" and 
'honvacuum" calculations wherein the perturbational airloads are, respectively,  
neglected and included. The  %acuum" eigensolut ions are  useful  in  es tabl ishing 
coupled' modal frequencies and mode shapes due t o  such coupling effects as blade 
control pitch angle,  twist, precone and prelead angles, torque tube stiffnesses, 
sect ion mass and tension center  offsets  and s t ructural  damping. Such eigen- 
solution information is most useful for  insuring against  integral  harmnic 
resonances. The  "nonvacuum" eigensolutions are usefu l  for  ident i fy ing  f lu t te r  
and/or aeromechanical ins tab i l i ty  charac te r i s t ics  in  hover ,  and for providing 
a crude indicator  of  s tabi l i ty  t rends in  forward f l i g h t .  The  nonvacuum eigen- 
solution considered herein is of the "frozen azimuth" type wherein the peri- 
odicity of the equation coefficients defining the mass,damping and s t i f f n e s s  
matrices is  neglected. Such an analysis i s  thus incapable of accurately iden- 
t i fy ing  s tab i l i ty  leve ls  of  ro tors  in  forward  f l igh t .  While recourse could 
have been made to extending the nonvacuum eigensolution to a Floquet theory 
type analysis, such as are  a l ternat ively descr ibed in  References 13, 14, and 15, 
the time-history solution of the fully nonlinear formulation was deemed in t r in -  
s i c a l l y  more accurate and re levant  to  the  s tab i l i ty  ana lys i s  of  a trimmed, 
real is t ical ly  configured rotor  blade design. A more detailed description of 
t h i s  s t ab i l i t y  ana lys i s  is contained below i n  a subsequent subsection. The 
remainder of t h i s  subsection describes first, the results of using the vacuum 
eigensolution to obtain coupled frequency and mode shape information with 
limited parameter variation and second, the results of using the nonvaccum 
eigensolution for a series of hovering flight conditions. 
Using the  vacuum eigensolution, the effects of t ip speed, collective 
angle and torque tube stiffness variations on the coupled frequencies and mode 
ShaPeswere determinedfor the two basic blade designs (subcrit ical  and super- 
c r i t i c a l ) .  For  each of these designs the above three parametric variations 
were made about the nominal conditions defined by a t i p  speed of 198 m/sec, 
a col lect ive angle  of  12 deg and the  snubber torque tube stiffnesses shown i n  
Figure 92. 
Coupled (Vacuum) Modal Frequencies. - The effects of the parametric 
var ia t ions on the  coupled modal frequenci,es are shown in Figures 9'7 through 
99 for  the subcri t ica ' l  design and Figures 100 through 102 fo r  t he  supe rc r i t i -  
cal  design.  These r e s u l t s  were obtained by disregarding a l l  aerodynamic terms 
in the general  eigensolution. Figure 9'7 shows for  the  subcr i t ica l  des ign  the  
e f f e c t   o f   t i p  speed variation on the coupling of the primitive "uncoupled" 
modal frequencies (those shown in Figures 94 and 95). Not unexpectedly, the 
in te rsec t ion  poin t  of  the  second f la twise (2F) mode with the f irst  edgewise 
(1E) mode a t  a t i p  speed of approximately 75 m/sec shown in Figure 95 becomes 
two diverging branches a t  t ha t  t i p  speed as shown in Figure 9. A t  such a 
point each branch is  characterized by comparable amounts of both (2F) and (lE) 
modal content. A t  the  nominal ro to r  speed the  or ig ina l  (lE) branch has become 
predominantly (2F). Note t h a t  i n  a l l  t he  coupled frequency figures, the pre- 
dominant modal cont r ibu tors  to  the  coupled modes a t  the high end of t he  par.. 
e t e r  s ca l e  a re  shown in parentheses, in order of decreasing percent contrib 
t ion .  O f  s ignificance i s  the  r e su l t  t ha t  t he  f i r s t  edgewise mode (1E) ccn- 
t r i b u t e s  t o  such a large degree to both the second and t h i r d  coupled f k  w 
modes. ' In addition, Figures 98 and 101 both show tha t  fo r  t he  co l l ec t ive  
pitch angle range most t yp ica l  of helicopter operation a l l  modes except, 2 
t h i r d  coupled f la twise mode are reasonably well separated from in tegra l  k j . . r -  
monies. Since flatwise modes a re  r e l a t ive ly  we l l  damped and 5P exci ta t ions of 
t h i s  mode a re  low, the close proximity of t h i s  modal frequency t o  5P is  not 
considered c r i t i c a l .  
Coupled - (Vacuum) Mode Shapes - Due to  the  var ie ty   of   coupl ing mechanisms 
considered i n  the analysis  (pi tch angle ,  twist ,  coning, s t ruc tu ra l  damping, 
e t c . ) ,  even in  the  absence of aerodynamic loads the coupled mode shape compo- 
nents are generally nonuniformly  phased. That i s ,  there  i s  no poin t  in  the  
oscil lation cycle of any vibrating coupled mode wherein a l l  portions of the 
blade concurrently have zero kinet ic  (or, a l t e rna t ive ly  po ten t i a l )  energy. 
Hence, coupled mode shape information must  inc lude ,  in  addi t ion  to  the  usua l  
component deflection distributions,  the concurrent component veloci ty  distri- 
butions as wel l .  
Presented i n  each of the Figures 103 through 106, and fo r  each of  the  
s i x  (6)  coupled frequencies typically shown in the preceding figures (9 
through 102), a re  the  spanwise d is t r ibu t ions  of  modal def lect ion and (nondi- 
mensional) velocity in each of three (3) components of  motion f o r  8 - 
0 deg  and 12 deg. The components of motion so depicted are inplane 
and out-of-plane  translation  (y and z respect ively) ,  and tors ion ( e ) .  
Variation  of  the coupled mode s 2 apes  wlth  the  other  parameters  ,(tip  speed and 
torque tube bending stiffnesses) was found t o  be qua l i ta t ive ly  qui te  similar 
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to  the  var ia t ions  wi th  co l lec t ive  angle .  Resul t s  for  the  subcr i t ica l  des ign  ' 
a t  0 and 12 deg collective angle are shown in Figures  103 and 104, respec- 
t i ve ly ,  and the  resu l t s  for  the  supercr i t ica l  des ign  a re  shown in Figures  lo5 
and 106. 
A comparison of the zero collegtive cases (Figures 103 and 105) shows 
two main d i s s imi l a r i t i e s :  (1) the  y5 and z velocit ies associated with the 
respective coupled (1F) and ( 1 E )  modes are  opposi te ly  phased fo r  t he  two ro tor  
types,  (2) the presence of significant pitch-flat  coupling for the subcrit ical  
rotor design and negligible amounts for t he  supe rc r i t i ca l  one i s  re f lec ted  i n  
the respective amounts (or absence) of torsion motion i n  the coupled flatwise 
modes. Note tha t  the  tors iona l  components of these coupled modes  hown i n  
Figure lo3 clearly demonstrate the locally exaggerated torsional f lexing of 
the  flexbeam as i s  r equ i r ed  to  accommodate the automatic pitch change due t o  
flatwise bending. 
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The coupling influence of collective pitch angle is  shown i n  comparisons 
of Figure 103 with 104 and/or Figure 105 with 106. This coupling i s  seen t o  
increase the nonuniform phasing of the resultant modes; i n  general ,  the com- 
ponent displacement distributions are increasingly dissimilar from t h e i r  
respective component ve loc i ty  d is t r ibu t ions .  A comparison of Figures 104 and 
106 shows, for  bo th  the  subcr i t ica l  and supercr i t ical  designs,  a high degree 
of blade motion i n  a l l  components for the cgupled second edgewise bending 
(2E) mode.  The s ign i f i can t ly  l a rge r  8 and 8 content i n  the coupled mode f o r  
the subcri t ical  configurat ion is due mainly to  the closer  proximity of  the 
torsional frequency (10.42P) t o  t h e  s u b c r i t i c a l  uncoupled (2E) modal frequency: 
( 7 . 2 8 ~ )  vs. (4.14P) for  the  supercr i t ica l  conf igura t ion .  
(Nonvacuum) Coupled Mode  Damping Levels - The resul ts  obtained from 
limited usage of the nonvacuum eigensolution calculation are shown in Figures 
lo7 through 110. Each of these figures shows the  var ia t ions  of  the  c r i t i ca l  
damping r a t io s  fo r  t he  s ix  (6) coupled mode eigenvalues, with concurrent 
var ia t ions in  col lect ive pi tch angle  and (spanwise) variable inflow. The 
inflow (or, equivalently, induced ve loc i ty)  assumed is  conventional (see 
Reference 16) and, a t  each r ad ia l  s t a t ion  depends upon the  loca l  t o t a l  p i t ch  
angle. Figures 107 and 108 present coupled modal  damping r a t io s  fo r  t he  
subc r i t i ca l  and supercrit ical  configurations,  respectively,  wherein l inear,  
unstal led NACA 0012 section aerodynamic coef f ic ien ts  a re  assumed. That i s ,  
cf i s  assumed proportional to angle-of-attack using a Mach  number dependent 
l i f t  curve slope, C d  i s  assumed equal t o  c (again with Mach  number depen- 
dence)  and c i s  assumed zero. With these  s implif icat ions  the  analysis  is  
aer~dynamica~~~compat  ib le  wi th  o ther  s imi la r  ex is t ing  ana lyses  (References  
17 through 19, f o r  example) and provides a basis  for  evaluat ing the effects  of  
s ta l l .  It is  thus not unexpected that the results of the present analysis 
should predict, as do References 17 and 18, f lap- lag instabi l i t ies  and/or  
general reductions i n  damping at  large values  of  col lect ive pi tch angle  for  
bo th  subcr i t ica l  and supercr i t  ical  rotor  configurat ions . The major 
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ins tab i l i t i es  a re  seen . to  involve  motions predominately comprised of first 
_flatwise bending and f irst  edgekse  bending. Comparison of these two f igures  
shows tha t .  for  the  subcr i t ica l  conf igura t ion ,  it i s  the  f irst  edgewise (U)  
eigenvalue "branch" which goes unstable whereas for the supercritical configu- 
ra t ion ,  it is  the f i rs t  f la twise  (1F) branch. A fur ther  comparison shows 
tha t ,  fo r  t he  subc r i t i ca l  conf igu ra t ion ,  a s  t he  in s t ab i l i t y  i s  approached a l l  
f l a t  and edge modes lose damping and the branch which goes unstable  is  a l ready 
lightly damped. In  contrast ,  for  the supercr i t ical  configurat ion,  the 
I ( s t a b l e )  f i r s t  edgewise branch increases i n  damping, bu t  t he  in i t i a l ly  heav i ly  
damped f i r s t  f la twise  branch  prec ip i tous ly  loses  subs tan t ia l  damping t o  go 
unstable. The present  f ind ings  a re  qua l i ta t ive ly  cons is ten t  wi th  the  f ind ings  
of Reference 17 which, for  subcr i t ica l  conf igura t ions ,  p red ic t  the  lead- lag  
( i . e . ,  f i r s t  edgewise) eigenvalue branch t o  be the one t o  go unstable. Direct 
quant i ta t ive  comparison of the present results with those of the  above c i t ed  
works i s  d i f f i c u l t  a t  best .  Significant structural  details  (highly nonlinear 
twist , several   intercoupling modes, generally.  nonuniform sect ion  propert ies  , 
e t c . )  of the realist ic blade configuration considered herein are either not 
t reated with suff ic ient  r igor  or are neglected entirely i n  these references.  
A more r e a l i s t i c  s e t  of nonvacuum eigensolut ion resul ts  i s  presented in  
Figures 109 and 110 aga in  for  the  subcr i t ica l  and supercr i t ical  configurat ions,  
respectively.  For these results the complete (nonlinear) conventional NACA 
0012 a i r fo i l  da ta ,  inc luding  both  s t a l l  and compressibi l i ty  effects ,  wereut i -  
l i zed .  The per turbat ional  a i r loads were obtained ut i l iz ing per turbat ions of  
the three sect ional  aerodynamic coefficients with respect to both angle-of- 
a t t ack  and Mach number, as i s  ou t l ined  in  a sectionof Reference 1. Compar- 
isons of Figure lo7 with log, and 108 with 110 show t h a t  the basic  aeroelas-  
t i c  behavior identified by the eigensolutions with l inear airloads i s  carr ied 
over and i s  but modified with the inclusion of perturbational airloads with 
s ta l l .  Generally,  the effect  of stalled airloads is  to aggravate the stabil- 
i t y  bounds so ident i f ied ;  the  same general  trends with collective angle are 
qual i ta t ively dupl icated,  b u t  occur a t  lower collective angles.  Again, these 
r e s u l t s  a r e  i n  good qua l i t a t ive  agreement with previous findings (Reference 
20), i . e . ,  t ha t .  fo r  e i the r  subc r i t i ca l  or supercr i t ical  configurat ions the 
flap or lag eigenvalue branch w i t h  the higher frequency is  the one t o  go 
unstable . 
The following observations can be made of the above discussed nonvacuum 
eigensolut  ions :
1. I n  l ight  of  (1) the consistency of the present findings with those 
obtained by other investigators for considerably simpler but basi-  
cally hingeless rotor systems, and (2)  t h e  f a c t  t h a t  'the eigen- 
solution results generatedhereinby the analysis (Reference 1) do 
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not consider the higher order effects of the redundant analysis 
(which a re  inhe ren t  t o  the  composite bearingless rotor, CBR, con- 
cept) ,  it is most l i k e l y  that the  present  f ind ings  a re  typ ica l  of  
all hingeless  rotors  and not  l imi ted  to  the  CBR concept. -
2. The bu i l t - i n  twist d i s t r ibu t ion  fo r  t h i s  ro to r  t oge the r  w i th  the  
assumed var iable  inflow, tends to produce a r e l a t i v e l y  uniform 
angle  of  a t tack dis t r ibut ion,  and s ince  for  a NACA 0012 a i r f o i l  
t h e   s t a t i c  s ta l l  angle tends to decrease with Mach number, t h e  
spamise  ex ten t  of  s ta l l  should tend t o  propagate inward from the 
blade t ip.  Since Figures lo9 and 110 show t h e  i n s t a b i l i t i e s  
occurring a t  col lect ive angles  above that wherein the 75 percent 
span s t a t i o n  stalls, these  ins tab i l i t i es  represent  condi t ions  of  
deep s ta l l  which are not easily reached operationally.  
3.  These resu l t s  re ta in  qua l i ta t ive  usefu lness  in  the  contex t  of  
providing limited understanding of the aeroelastic behavior of 
rotor blades in forward flight. Momentarily high pitch angles 
and conditions near to and above s t a l l  can and do occur on the  
I r e t rea t ing   por t ions   o f   the  disk i n  forward f l i g h t .  
Summary of Eigensolution Results - The principal f indings gleaned f r o m  
t h e  above described eigensolution analyses are: 
1. The subcri t ical  blade as originally configured is  f r ee  o f  any n/rev 
resonance problems. 
2. The supercr i t ica l  b lade ,  when configured with a softened torque tube 
(25 percent nominal bending stiffnesses), i s  flree of any n/rev 
resonance problems. 
3 .  The effects  of  torque tube bendingst i f fness  and blade pi tch angle  are  
t o  produce highly complex coupled mode shapes with nonuniform phasing. 
4. The existence of hingeless rotor flap-lag instabil i ty a t  high pitch 
angle and in deeply stalled hovering conditions,  as reported in  the 
l i t e r a t u r e ,  was confirmed. This hove r ing  in s t ab i l i t y ,  i n  i t s e l f ,  
i s  nei ther  a result  of the innovative features of the CBR nor poses 
any problem for   the   ro tor   wi th in  any r ea l i s t i c   ope ra t iona l  envelope. 
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Trimmed Forward Flight Cases 
The remainder of the aeroelastic analysis i s  confined to  invest igat ions 
of various of the rotor characterist ics i n  forward f l i g h t .  For these inves- 
t igat ions the eigensolut ion analysis  i s  inadequate and the time-history solu- 
t ion  capabi l i ty  of  the  aeroe las t ic  ana lys i s  program must be used. For such 
investigations,  especially with the attendant required parameter variations,  
the  ro tor  must f i r s t  be  s imula ted  in  ( s tab le)  t r i m  configurations to have 
pract ical i ty .  This  subsect ion descr ibes  the resul ts  of  the use of the time- 
h is tory  so lu t ion  to  obta in  these  trim configurations.  In particular,  the 
se lec t ion  of  the  par t icu lar  trim conditions i s  f i r s t  d i scussed .  Then the  
resulting blade bending moments, s t r e s ses  and tors ion  moments experienced by 
the two basic blade configurations i n  trimmed s t r a igh t  and l e v e l  forward 
f l i gh t   a r e   d i scussed   i n   t u rn .  
Selection of Trimmed Flight Conditions - For present purposes a high 
speed condition (p = 0.44) w i t h  moderate blade loading (C,/o = 0.057) was 
selected.  More spec i f ica l ly ,  the  ro tor  was trimmed t o  a lift and propulsive 
force of 59610 N (13,400 l b )  and 7430 N (1670 l b ) ,  respectively, with hub 
moments less  than 5420 Nm (4000 l b - f t  ) i n  magnitude; a high forward f l i g h t  
speed of 86.9 m/sec (169 kts)  a t  s tandard sea level  condi t ions was selected.  
Uniform inflow was assumed and the  aeroe las t ic  ana lys i s  was used in  the  au to-  
matic t r i m  mode to  adjust  the three control  angles  and the  inflow r a t i o   i t e r -  
a t ive ly  to  achieve  the  above defined fl ight condition. Three bas ic  trim con- 
d i t ions  were calculated: one  each fo r  t he  subc r i t i ca l  and supe rc r i t i ca l  con- 
figurations discussed i n  an above subsection (case Nos. 1 and 2, respectively) 
and a n  addi t ional  case ( N o .  3 )  for  the subcri t ical  configurat ion.  For t h i s  
l a t t e r  subc r i t i ca l  conf igu ra t ion ,  t he  push-rod attachment point was reposi- 
tioned further outboard t o  invest igate  the effects  of  increased pi tch-f la t  
coupling. These three basic  flight conditions are summarized i n  Table X. 
Blade Moment and Stress  Distr ibut ions - Figures 111 through 113 present 
the calculated distributions of blade one-half peak-to-peak ( % FTP) and 
median bending and tors ion  moments over the (total)  blade span for each of 
t he  two basic blade configurations. I n  these figures the moment values pre- 
sented for the structurally redundant, flexbeam-torque tube spamise stations 
(those inboard of the juncture station, r S 0.29) are those appropriate only 
to  the respect ive pr imary elast ic  s t ructures .  Thus, i n  Figures 111 and U 2  
the bending moments presented for stations inboard of the juncture are those 
experienced by the flexbeam; conversely, i n  Figure 113 the  tors ion  moments 
presented for these inboard stations are those experienced by the torque tube. 
Elcplicit calculations of the complementary bending and tors ion moment distri- 
butions ( i n  the torque tube and flexbeam, respectively) were not avai lable .  
However, their  presence and the  re la t ive  s ign i f icance  of  s t ruc tura l  redundancy 
i s  indicated by the  jump magnitudes i n  the various moment d is t r ibu t ions  a t  the  
juncture  s ta t ion.  The e f f ec t  of s t ruc tu ra l  redundancy for these configurations 
49 
is thus  seen  to  be small for  flatwise  bending,  but  moderate  for  edgewise 
bending  and  for  torsion.  Not  unexpectedly,  the  maximum  blade  bending  moments 
are  seen  to  occur  at  the  blade  root.  The  negative  median  flatwise  bending 
moments  near  the  blade  tip  shown  in  Figure 111 are  due  mostly  to  the  inclu- 
sion of an 11.3 kilogram  tip  weight  and a greater  than  optimal  built-in  pre- 
coning  angle. 
Significant  differences  are  shown in the  respective  bending  and  torsion 
moments  for  the  subcritical  and  supercritical  configurations.  Figures 111 and 
112 show  the  supercritical  configuration  to  exhibit  both  flatwise  and  edgewise 
bending  moments  which  are  generally  lower  than  those  for  the  subcritical  con- 
figurations.  Of  particular  significance  are  the  marked  reductions i  edgewise 
bending  moments  for  the  supercritical  configuration,  both  with SPTP values  over 
the  entire  span  and  with  median  values  over  the  outer  portions  of  the  blade. 
These  bending  moment  reductions are well recognized  to  be  inherent  in  super- 
critical  blade  designs  and  result  from  the  favorable  "vibration  absorber"  and 
equivalent  hinge  characteristics of this  type  of  design.  Figure 113 compares 
the  torsion  moment  distributions  obtained  for  the  two  designs.  It  shows  that 
the  torsional  moment  carried  by  the  flexbeam  for  the  supercritical  configura- 
tion  is  less  than  that  for  the  subcritical  as  indicated  by  the  reduced  jump 
values  at  the  juncture.  This  result  is  consistent  with  the  reduction in n - 
linear A E I  torsion  coupling  obtained  when  approaching a matched  stiffness 
design. Figure 113 also  shows a generally  outward  shift  of  the  spanwise  peak 
of  the  torsion  moment  (disregarding  the  jumps  at  the  juncture)  with  the  super- 
critical  design;  the  torsion  moment  distribution  for  this  design  is  thus  more 
uniform  over  the  span. 
The  flatwise and edgewise  stress  distributions  over  the flexbeam span 
for  the  two  blade  configurations  are  shown  in  Figures 114 and 115. The  curves 
shown  in  these  figures  are  obtained  from  the  bending  moment  distributions  of 
Figures 111 and 112 divided  by  appropriate  I/c  values.  The  most  remarkable 
result  shown in these  figures  is  that  in  contrast  to  the  moment  distributions 
the  stress  distributions  for  the  two  blade  configurations  are  quite  similar. 
Indeed,  the  vibratory (SPTP) edgewise  stresses  for  the  supercritical  design 
are  even  somewhat  larger  than  those  for  the  subcritical,  while  the  median 
edgewise  stresses  for  the  supercritical  are  significantly  larger  than  the 
median  stresses  for  the  subcritical.  From  the  results  of  the  above  Composite 
Materials  Investigation  and Full Scale  Design  sections,  maximum  allowable 
bending  and  torsion  stresses  of 379 MN/m2 (55,000 psi)  and 24 m/m2 (3500 psi), 
respectively, were established.  Figures ll4 and 115 thus  show  that  the  blade 
designs  are  satisfactory  from a root  bending  stress  standpoint. 
Azimuthal Time Histories of Critical  Stresses  and  Loads - From  Figures 
114 and 115 it  can be seen  that  the  critical  bending  stress  point  is  near  the 
blade  root  and  is  herein  taken  to be the  center ofthe firstblade  segment: r =  
0.054. Figure 116 compares  the  azimuthal  variations of the  flatwise and edgewise 
stresses  at  the  blade  root  for  both  the  subcritical  and  supercritical 
configurations.  It  can  be  noted  that  the  flatwise  stresses  for  the two con- 
figurations  are  quite  similar  and,  commensurate  with  zero  trimmed  hub  moments, 
show  predominately 2P and 3P content,  Comparison  of  the  edgewise  stresses  for 
the  two  configurations  shows  predominantly 1P content  for  each  configuration 
but  with  opposite  phasing.  Since  the  edgewise  bending  dynamic  system  is  lightly 
damped, a change  of  phase  angle  of  nearly 180° is  to  be  expected  for  responses 
whose  natural  frequencies  are  either  greater  than  or  less  than  predominant 1P 
forcing  frequency. 
An additional  stress  item of interest  is  the  critical  flexbeam  torsion 
(shear)  stress;  this  stress  is  typically  located  at  the  blade  station  where 
the  twist  rate  is maximum which  occurs  where  the  sectional  dimensions  are minimum. Since  the  flexbeam  is  tapered  over  its  entire  length,  this  station 
is  herein  taken  to  be  the  outer  boundary  of  the  outermost  segment  of  the  flex- 
beam: F = 0.288. Although  explicit  torsional  stress  distributions  over  the 
flexbeam  span  were  not  available  from  the  analysis,  the  torsion  moment  in  the 
flexbeam  immediately  inboard  of  the  juncture was available  as  part  of  the  cal- 
culation  of  the  redundant  analysis. This  torsion  moment  was  converted  to a 
maximum torsion  stress  within  the  section  using  the  sectional  dimensions  and 
standard  stress  analysis  formulae  (Reference 21). Figure 117 compares  the 
flexbeam  torsion  stresses  at  the  juncture  for  the  two  blade  configurations. 
These  stresses  are  seen  to  be  almost  entirely 1P and  reflect  the  predominantly 
cyclic  control  input.  The  relative  lack  of  bias  in  these  flexbeam  torsion 
stresses  is  due  to  the  assumed  flexbeam  pretwist  of 13.5 deg  (corresponding  to 
a built-in  collective  angle  of 11.66 deg).  The  half  peak-to-peak  values of 
flexbeam  torsion  stress  for  the  subcritical  and  supercritical  are 22.8 MN/m2
and 22.6 MN/m , respectively.  Although  below  the  allowable  torsion  stress of 
24 MN/m , these  values  do  not  leave  the  margin  initially  predicted  in  the N l
Scale  Design  section.  The  reason  for  this  discrepancy  is  that  the  preliminary 
design  stress  calculation was based  on  the  assumption  of a constant  section 
flexbeam.  The  actual  design,  however,  does  have  substantial  taper  giving  rise 
to a significant  increase in torsion  stress  at  the  outboard  end: Tn this  case 
that  increase  is  approximately 23 percent. 
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In addition  to  the  critical  stresses  described  above,  an  important  dynamic 
response  variable  is  the  push-rod  load.  Besides  reacting  those  loads  required 
to  twist  the  flexbeam  cyclically,  the  push-rod  must  equilibrate  the  blade in 
torsion  and,  hence,  react  the  inertial  and  aerodynamic  pitching  moment  distri- 
butions  on  the  blade.  The  azimuthal  variations  in  push-rod  load,  shown in 
Figure 118 for  the  two  blade  configurations,  reflect  these  load  characteristics. 
Comparison  of Figure 118 with  Figure 117 shows  the  steady  and LP content of 
the push-rod load to  be  closely  phased  with  the  steady  and 1P torsion  moment 
required  to  twist  the  flexbeam  to  achieve  the  trimmed  control  angles.  Note 
that,  due  to  the  trailing  edge  push-rod  attachment  location  selected  for  these 
designs, a positive  (up)  push-rod  load  produces a negative  (leading  edge dm)- 
flexbeam  torsion  stress. In addition,  however,  significant  higher  harmonic 
content is evident in these  push-rod  load  time-histories  which  result  from  the 
outer  blade  inertial and aerodynamic  moment  loadings.  Of  particular  interest 
is the  intermittent  (approximately) 1OP excitation  of  the  torsion  mode in the 
retreating-blade  quadrants. 
Effects  of  Simplified  Modeling  of  the  Structural  Redundancy - A s w a s  stated 
above,  the  nominal  calculation of  the  various  time-history  solutions  comprising 
the  forward  flight  portions 01' the  aeroelastic  analysis  assumes  the  complete 
modeling of the  structural  redundancy  (see  Reference 1). E€riefly  the  struc- 
tural  redundancy  arises  from  the  presence  of  dual  load  paths,  over  the flex- 
beam-torque  tube  span,  for  both  bending  and  torsion  loads.  The  redundant 
analysis  formulated  for  the  solution  of  this  structural  problem  involves a 
full interaction  of  all  bending  and  torsion  loads  at  the  juncture point as 
well  as a statement  of  consistent  torsion  deformation  at  that  point. An 
alternate  simplified  formulation  of  the  structural  dynamics  of  this  portion  of 
the  rotor  blade  is  afforded  by  making  the  following  approximations: 
1.. The  torque  tube  consists  of  an  infinitely  rigid  massless  link,  hinge 
connected  to  the  span  at  the  juncture by equivalent  rotary  springs in 
the  flatwise  and  edgewise  senses. 
2. The  flexbeam  is  torsionally  equivalent  to a simple  linear  rotary 
spring. 
3. The  nonlinear  torsion  excitation  (due  to LEI bending-deflection 
effects)  over  the  flexbeam  span  is  approximated  by  weighting  the 
usual  nonlinear  elastic  torsion  load  distribution  by  the  pseudo- 
torsion  mode  shape  (see  Reference 1). Since  the  pseudo-torsion 
mode  is a monotonically  increasing  f'unction  less  than  unity  over 
the  flexbeam  span,  this  weighting  results in an  attenuation  of  this 
term. 
It  is  to  be  noted  that  the  incorporation  of  this  alternate  simplified  formula- 
tion reduces  the  analysis  in  large  measure to.that for a "conventional"  hinge- 
less  rotor.  Remaining  differences  are  the  time  variation in structural  twist 
and  the  attenuation  of  the  nonlinear  torsion  excitation  for  the  composite 
bearingless  rotor. 
Using  these  nonredundant  analysis  simplifications  together with the 
control  angles  defined  in  Table X for  trim  cases 1 and 2, two  additional  time- 
history  cases  were  generated.  These  cases  are  herein  denoted IA and 2A for 
the  subcritical  and  supercritical  configurations,  respectively.  It was found 
that  substantially  the  same  performance  was  achieved  for  cases IA and 2A as 
for cases 1 and 2; the  nonredundant  analysis  cases  were  equally  found  to 
satisfy  the  trim  criteria  enunciated  above.  The  azimuthal  variations of the
critical  stresses  for  the  nonredundant  analysis  are  compared  with  those  calcu- 
lated  using  the  complete  redundant  analysis in Figure ll9a. This figure  shuws 
negligible  differences in  the  flatwise  and  edgewise bending stresses  and in 
the  flexbeam  torsion  stresses  for  the  two  calculation  methods.  Substantial 
differences  are  noted,  however,  in  the  azimuthal  variations  of  the  push-rod 
load s h m  in Figure ll9b. It  is  significant  to  note  that  the  respective 
azimuthal  variations,  with and without  the f’ull redundant  analysis,  show simi- 
lar higher  harmonic  signatures and differ mainly in their  lower  harmonic 
contents. 
Aerodynamic  Stability  Derivatives 
Two basic  requirements  exist  for  obtaining  partial  derivatives of th  hub 
loads  with  respect  to  the  control  angles  and  components  of  hub  velocity:  First, 
such  derivatives  are  needed  for  determining  the  static  stability  characteris- 
tics of  the  entire  aircraft,  as well as  the  control  power  characteristics of 
the  rotor.  Second,  the  derivatives  can be used  to  generate  trim  derivative 
matrices  for  obtaining  the  required  control  angles and inflow for  perturbations 
in the  flight  conditions.  The  folluwing  subsections  discuss  the  aerodynamic 
stability  derivative  matrices  defined by these  requirements;  results  are 
obtained  for  the  three  basic  trim  cases  discussed  in  the  previous  section and 
summarized  in  Table X.
Basic  Static  Stability  Derivative  Matrices - For  each of the  three  basic 
trim  cases a matrix  of  partial  derivatives  is  obtained;  the  partial  derivatives 
are  numerically  obtained by perturbing  (both  positive  and  negative  perturba- 
tions)  the  control  parameter  inputs  of  each  trim  case  using  the  time-history 
solution  of  the  analysis.  The  partial  derivatives  of  each of the six (6) hub 
loads (3 forces and 3 moments)  with  respect  to  the  three (3) control  angles, 
f’undamental  deriva  ives.  These  derivatives  are  then  modified to  reflect  the 
substitution  of  shaft  angle  and  (nondimensional) f o m d  flight  speed as the 
fourth and fifth  independent  control  parameters.  The  results  of  performing 
the  numerical  differentiation and modification  are  presented in Table XI 
where  the  various  static  stability  derivative  matrices  are  defined  as: 
*lS’ ?Ls, and 0 75p’ inflow  ratio  and  advance  ratio  form a 6 x 5 matrix of 
[SI = [-I, where: bzi b Pj 
zi = ($, -, cPF -, CFM - CRM 3, cy, 
u u (5, 0 u 
(angles  in  degrees) 
Comparison  of  the  static  stability  derivative  matrices  of  trim  cases 1 
and 3 shows  that  the net effect of increasing  the  push-rod  attachment  point 
radius  (to  achieve  increased  pitch-flat  coupling  for  the  first  flatwise  mode) 
was actually  to  reduce  the  control  power f the  rotor. This can  be  seen  by 
comparing  elements  S12, S13, S32, S33 and S 4 1  for  these two cases. %is con- 
trol  power  reduction  is  contrary  to  what  one  would  typically  expect  consider- 
ing  only  the  increased  (positive)  pitch-flat  coupling  of  the  first  flatwise 
mode. This behavior  can  be  explained.by  noting in Table X for  case 3, the 
significantly  increased  (negative)  pitch-flat  coupling of the  second  flatwise 
mode  associated  with  the  outwardly  repositioned push-rod attachment  point. 
Since  for  trim  conditions 1 and 3 the  first  harmonic  responses  of  the  first 
and  second  flatwise  modal  responses  were,  in  fact,  calculated  to  be in phase,
the  pitch-flat  coupling of the  second  flatwise  mode  is  thus  seen  to  be  pre- 
empting  that  of  the  first  mode. 
Trim  Derivative  Matrices - For purposes  of  calculating  additional  trim 
cases a portion  of  the  above  defined  fundamental  derivative  matrices  for  the 
three  trim  cases  were  inverted  to  form  the  trim  derivative  matrices  presented 
in Table  XII.  These  trim  derivative  matrices  are  defined  as: 
bQi 
[TI = [-I, where 
bXi 
J 
Q5 (angles  in  degrees) 
Transient  Responses  Due  to  Control  Inputs 
Trim  cases 1 and  2,  whose  parameters  are  given  in  Table X and  whose 
stress  characteristics  are  discussed  in an above  subsection,  form  the  bases 
for  investigating  the  transient  blade  responses du  to  control  angle  inputs. 
The  effects  of  the  control  angle  inputs  were  studied  by  combining  the  respec- 
tive  trim  control  angles  with  separate  time  variable  increments  in  each  of  the 
three  control  angles , e .  75, A l S  and Bls .  Those  initial  conditions  on  the 
response  variables,  appropriate  to  the  unperturbed  trim  cases, were elected 
so that  the  deGiations  of  the  transient  (stress)  responses  from  the  trimmed 
responses  would  provide  direct  measures of the  effects  of  the  incremental  con- 
trol  inputs. For each  control  angle  two  increments  were  made of the  types 
shown in-Fig. 120. Both  the  ramp-step  and  pulse  incremental  inputs  shown in 
this  figure  have a maximum  amplitude  of 0.5 deg  with  finite  rise  times  to 
that  amplitude.  The  responses  due  to  the  ramp-step  input  would be expected 
to  be  more  severe  as  they  represent  off-trim  conditions  and  would  not  generally 
converge  to  the  original  azimuthal  stress  response  signatures. 
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The  transient  stress  and.coptro1  load  responses  due  to  these  incremental 
-control  angles  are  presented  in  Figures 121 thru 126 . For  each of these 
figures,  duplicate  reference  (trim)  response  time-histories  are  given  for  two 
periods  (rotor  revolutions  comprising 360 deg  of  azimuth).  The  initial  tran- 
sient  stress  responses are given  for  these  two  revolutions  and  then  the  con- 
tinuing  responses  at  subsequent  revolutions  are  overlayed on th se  two  revolu- 
tions,  as  indicated,  Within any one  plot  the  transient  responses  are  plotted 
only  up  to  and  including  the  maximum  (and min imum)  amplitudes! For those 
transients  wherein  several  revolutions  are  required  for  convergence,  only 
selected  portions  of  the  time-histories  which  include  local  maximaareincluded. 
Within  each of the  following  subsections  describing  the  effects of each of 
the  incremental  control  inputs,  results  are  presente.d,' in turn,  for  the  sub- 
critical  and  supercritical  configurations  (trim  cases 1 and 2, respectively). 
Incremental  Collective  Angle, A9.75R - The  results of the  incremental 
ramp-step and pulse  collective  angle  inputs  are  shown  in  Figures  121a  through 
122b..  Observations  to  be  made of these  results  are  as follows: 
1. The  responses  all  tend  to  show  higher  harmonic  content  than  their 
respective  trim  responses  during  the  initial  transient  revolutions.  Thus,  the 
incremental  half  peak-to-peak  responses  will  not,  in  general,  be  linearly 
dependent  f'unctions  of  incremental  input  amplitude. 
2. With  regard  to  the  flatwise  and  edgewise  bending  stresses  for  both 
rotor  configurations  (Figures  121a  and  122a),  the  converged  maximum  and nini- 
mum  peaks  are  not  attained  until  some  elasped  time (3 or 4 rotor  revolutions) 
after  the  incremental  collective  input  has  been  completed.  The  convergence 
tends  to  occur  somewhat  sooner  with  the  subcritical  configuration,  however. 
3. Comparison  of  the  flatwise  bending  responses  for  the  two  rotor 
configurations  shows  the  transient  maximum and minimum  peaks  for  the  subcriti- 
cal  configuration  to  be  significantly  more  negative  than  those  for  the  super- 
critical  configuration  although  the  peak-to-peak  amplitudes  are  comparable. 
4. Comparison  of  the  edgewise  bending  responses  shows  the  supercritical 
rotor  to  be  significantly  more  sensitive  in  edgewise  bending  to  the  incremental 
collective  control  angle  input  than  is  the  subcritical. 
5. A s  shown in Figures  121b and 122b,  both  rotor  configurations  show 
negligible  incremental  flexbeam  torsion  stresses  due  to  incremental  collective 
angles  other  than  that due to  the  additional 0.5 deg of flexbeam  twisting. 
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6. Comparison of  the  t rans ien t  push-rod loads f o r  t h e  two ro to r  
configurations shows t h e  s u b c r i t i c a l  r o t o r  t o  be s ign i f i can t ly  more sens i t i ve  
i n  torque tube tors ion (of  which push-rod load i s  a measure) to  the  incrementa l  
col lect ive control  angle  than i s  the  supe rc r i t i ca l .  In par t i cu la r ,  t he  
increased  sens i t iv i ty  i s  confined to the retreating blade quadrants wherein 
the  loca l  i nc ip i en t  (gP - 1OP) to rs ion  exc i ta t ion ,  a l ready  present  in  the  
trimmed responses, i s  r lbstant ia l ly  amplif ied.  While a complete investigation 
o f  t h i s  phenomenon i s  beyond t h e  scope of t h i s  study, it appears, from an 
examination of the available moment load  d is t r ibu t ions ,  tha t  th i s  increased  
higher harmonic exc i t a t ion  a r i s e s  from the  LEI nonlinear bending-deflection 
tors ion exci ta t ion.  A s  would be expected, the supercrit ical  configuration 
which is  more nearly "stiffness-matched" i s  l e s s  prone t o  this type of excita- 
t i o n  and it concurrently shows l e s s  s e n s i t i v i t y .  
Incremental Longitudinal Cyclic Angle, AAls - The similar r e s u l t s  of 
incremental ramp-step and pulse longitudinal cyclic angle inputs are shown i n  
Figures l23a through 124b. As with the transient responses described above, 
those due t o  incremental Als cycl ic  angle  a lso show higher harmonic content 
dur ing  the  in i t ia l  t rans ien t  revolu t ions ,  than  do the i r  respec t ive  trim 
responses.  Contrary to the incremental collective angle responses, those due 
t o  incremental Als cyclic angle are relatively benign and  show l i t t l e   v a r i a -  
t ion  from the  trimmed values. Two main reasons  ex is t  for  th i s  subdued behavior. 
First ; incremental  longitudinal cyclic for rotors with low f l a twi se  s t i f fnes s  
( f i r s t   f l a t w i s e  modal frequency < 1.1P) w i l l  produce mainly incremental f irst  
s ine harmonic flapping. This flapping does not increase the effective ram 
inflow as does f irst  cosine harmonic flapping which would r e s u l t  from both 
co l lec t ive  and Bls cyclic  angle  increments.  Secondly,  because  the A1 (and 
B1 ) control angles are impressed cyclically, the average incremental blade 
pifch angle around the  azimuth due to incremental Als would inherently be no 
more than half  that  due t o  incremental collective. Consistent with previous 
r e su l t s  t he  e f f ec t  of incremental A 1  control angle on t rans ien t  push-rod 
loads are  greater  for  the subcri t icaf  than for  the supercr i t ical .  
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I n c r e m e n ! 5 ! B 1 s  - Figures 125a through 126b present 
t he  r e su l t s  of incremental ramp-step and pulse  la te ra l  cyc l ic  angle  inputs .  
Comparison of Figures l25a and 126a shows tha t  t he  t r ans i en t  f l a twi se  s t r e s ses  
due t o   t h e  Bls inputs  for  the two rotor configurations are quite similar and 
are generally well converged within three rotor revolutions. Comparison of 
the  t rans ien t  edgewise s t resses  shows again that the higher harmonic content 
i s  increased with the application of the incremental  control input;  this 
charac te r i s t ic  i s  seen t o  be more prevalent with the subcrit ical  rotor con- 
f igurat ion.  Comparison of Figures 12% and 12611 shows tha t  t he  f l exbeam tor -  
s ion  s t r e s ses  a re  l i t t l e  a f f ec t ed  by the  incremental B1 cyclic  angle. Con- 
s is tent  with previous resul ts ,  the  t ransient  push-rod loads fo r  t he  subc r i t i ca l  
rotor  configurat ion are  seen to  be s igni f icant ly  more affected by the 
S 
incremental control angle than is the supercrit ical  configuration. It is 
t o  be noted that, f o r  the subcritical configuration, the increased higher 
harmonic edgewise stress responses occur over the same portion of the  mi- 
muth (retreating blade quadrants) as do the push-rod load responses. 
Transient  Characteristics  Due to Partial  Material  Failure 
As is  discussed in the  above  Composite  Material  Investigation  section, 
composite  materials  typically fail by  developing  noncatastrophic  cracks  which 
reduce  their  elastic  moduli.  Thus,  flexbeam  failure  becomes  more of a struc- 
tural  dynamics  problem.  That  is,  assuming a material  failure  (which will gen- 
erally  be of the  form  of  partial  reductions in stiffness),  can  the  structure 
withstand  the  dynamic  loads  without  destructive  stress  magnifications  and/or 
aeroelastic  instabilities? An assessment of the  material  failure  problem was 
made  by  investigating  the  stress  responses  of  the  two  blade  configurations  due 
to instantaneous  reductions in the  flexbeam  bending  stiffhesses. 
More  specifically,  the  two  blade  configurations  were  first  analyzed  for 
their  f'requencies  and  mode  shapes  with  separate 15 p rcent  reductions in flat- 
wise  and  edgewise  bending  stiffnesses.  The  results of these  reductions on the 
blade  uncoupled  natural  frequencies  are  shown in Table  XIII.  Using  these 
uncoupled  natural  frequencies  and  their  associated  mode  shapes,  together  with 
the  control  angles  and  modal  initial  conditions  for  trim  cases 1 and 2, tran- 
sient  time-history  solutions  were  obtained  a manner  similar  tothetransients 
due  to  control  inputs. In this  case,  however,  the  sources of input  disturbance 
were  the  modal  initial  conditions. For lack  of  a  more  comprehensive  stress 
analysis  of  failed  composite  materials  the  "failed"  stresses  were  computed 
using  the  force-integrated  bending  moments  together  with  the  "unfailed"  I/c 
values. 
Figures 127 and 128 present  the  transient  flatwise  and  edgewise  bending 
stresses  for  the  subcritical  and  supercritical  configurations,  respectively. 
In each  figure  are  shown  the  reference  (trim)  stress  time-histories,  previously 
discussed,  together  with  the  transient  stresses  accruing  from  instantaneous 
partial  reductions in flexbeam  flatwise or edgewise  bending  stiffness. As 
these  figures  show,  the  effects  of  these  instantaneous  stiffness  reductions 
are  practically  negligible.  Indeed,  the  flexbeam  torsion  stress  and  push-rod 
load  time-histories  were  not  included  since  the  off  nominal  results  could  not 
be  distinguishably  plotted  together  with  the  reference  time-histories.  That 
so little  incremental  dynamic  stress  is  generated  by  the  instantaneous  partial 
failures  is  consistent  with  the  results  of  Table  XIII.  Therein  it is seen  that 
the  stiffness  reduction  caused  only  small  excursions  in  modal  natural  frequen- 
cies  which  were  still  reasonably  well  separated  from  integral  harmonics.  The 
small deviations of the  stresses  from  the  reference  (nominal  stiffness) 
responses  can  generally  be  explained  on  the  basis of the  changes in resultant 
dynamic  magnification  factors  caused  by  frequency  change.  Most  notable  are 
the  changes in edgewise  stress  for  the  two  configurations  upon  reduction of 
the  flexbeam  edgewise  stiffness.  Since  the  edgewise  stiffness  reductions 
brought  the  first  edgewise  natural  frequencies  closer  to  and fmther from lP, 
respectively,  for  the  subcritical an'd supercritical  configurations, it  is 
reasonable  that  the 1P edgewise  stresses  should  increase  and  decrease,  respec- 
tively,  for  these  two  configurations. 
Effects of Unsteady  Airloads 
An important  aspect of  the  aeroelastic  analysis of any helicopter  rotor 
blade is the  effect  that  unsteady  airloads  have on  the  structural  responses. 
The  formilation  of  unsteady  airloads  used in the  present  aeroelastic  analysis 
3s the  variant of the (cy, A, B) method  described in Reference 22. Briefly, 
this  formulation  states  that  the  unsteady  aerodynamic  section  coefficients  are, 
for any fixed  Mach  number,  generally  nonlinear  functions  not ly: of angle-of- 
attack, cy, but of nondimensional  angle-of-attack  rate, A(= C&/2U), and  angle- 
of-attack  acceleration, B(= c2'c;/4$). While it has  been  noted in Reference 
23 that a proper  simulation  of  stall-flutter  requires  the  inclusion of vari- 
able inflow, it was decided  that  the  effect of unsteady  airloads  should  be 
determined  using only constant  inflaw  for a more  meaningful  comparison  with 
the  herein  nominal  quasi-static  results. 
The  application of unsteady  airloads in the  aeroelastic  analysis was 
confined  to an examination  of  its  effects,  with  variations in blade  loading, 
on the  response  characteristics of the  subcritical  conf'iguration.  The  varia- 
tions in blade loading were  achieved by straight-forward  variations in the 
(constant)  inflow, A, or  equivalently,  the  rotor shaft angle-of-attack, cys. A 
meaningful  comparison of the  results  obtained  with  and  without  unsteady  airfoil 
is  complicated  by  the  fact  that  the  various  pertinent  structural  response 
quantities (&TP stresses,  etc. ) are  strongly  dependent  upon  the  state  of  rotor 
trim.  The  approach  selected for  constructing a meaningful  comparison was, 
therefore,  to  make  inflow  variations  on  cases  which  were  initially  trimmed  to 
the  same  hub loads. Accordingly, an additional  trim  case was calculated 
wherein  the  analysis  included  the  unsteady  airloads  formulation;  the  control 
parameters  found to trim  the analysis with  this  inclusion  are  as folluws: 
(%, -1.22 deg, B a 9.39 deg, Is = 12.09 deg, x = -.0733). 
In Figure 129 are  presented  the  results of the  variations  of  rotor 
performance  with  shaft  angle, cys using  the  aeroelastic  analysis  with  and  with- 
out  the  unsteady  airloads  formulation. In this  figure  are  shown  the wo trlm 
points  about  which  the  inflow  variations  were  made.  Note  that,  for  comparison, 
an isolated  point on each  curve  is  presented  wherein  the  control  parameters 
appropriate  to  the  norminal  quasi-static  airloads  (case 1) were used in the 
analysis  with  the  inclusion of the  unsteady  airloads. A comparison of the 
Cda curves  with  and  without  the  unsteady  airloads  shows  that,  at  the  higher 
blade loading conditions,  the  performance  calculated  with  unsteady  airloads  is 
rising  at a greater  rate  and  would appear to  be  "stalling  out"  at a higher 
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overall  level.  The  rotor  drag  levels  with  unsteady  airloads are, furthermore, 
seen.to be  less  than  those  with  the  quasi-static  formulation.  These  results 
reflect  the  generally  acknowledged  effect  of  unsteady  airloads  on  rotors: 
that  dynamically  stalled  airloads  create  stall  delays  and  hence  lift  over- 
shoots.  These  stall  delays  cause  the  airfoil  sections  to  generally  operate 
more  efficiently  than  quasi-static  theory  would  indicate  in  creating  more 
average  lift  per  (effective)  rotor  angle-of-attack.  Further  observations  from 
Figure 129 are  that  the  two  trim  points  occur  at  different  shaft  angles  and 
that  the  quasi-static  trim  point  lies  on a portion  of  the  CJo - as curve 
which  has  discernable  curvature.  From  these  observations  it  would  appear 
that,  as  calculated,  basic  trim  case No. 1 is a partially  stalled  rotor  oper- 
ation  condition.  It  should  be  noted  that  the  higher  power  absorbed  by  the 
rotor  with  unsteady  airloads  is  commensurate  with  its  ability  to  pull  more 
lipt. 
Comparisons  of  the  concurrent  vibrational  stresses  and push-rod loads  for 
the  analysis  with  and  without  the  unsteady  airloads  are  shown in Figure 130. 
Of  particular  interest  is  the  substantially  higher  vibratory  flatwise  stresses 
for  the  quasi-static  formulation  at  the  higher  blade  loadings.  Although  much 
of this  difference  is  attributable  to  the  quasi-static  results  being  further 
out  of.moment  trim  than  those  for  the  unsteady  airloads,  it w s nevertheless 
found  that  all  harmonics  of  this  stress  through  the  tenth  were  substantially 
greater  for  the  quasi-static  than  for  the  unsteady  airloads  formulation 
results.  The  comparison  of $PTP push  rod  loads  in  this  figure  shows a similar 
result  for  the  two  formulations.  Here  toosthe  results  using  the  quasi-static 
formulation  have  substantially  higher  harmonic  content  through  the  tenth  har- 
monic  than  do  those  using  the  unsteady  airloads  formulation. 
It  is  significant  to  note  that  these  vibratory  stress  and  push-rod  load 
results  are  contrary  to  what  one  would  expect  based  on  established  stall 
flutter  theory.  Stall-flutter  is  generally  attributed  to  the  energy  extrac- 
tion  mechanism  provided  by  the  hysteretic  moment  coefficient  characteristic 
inherent  in  the  unsteady  airloads  formulation. As such,  stall  flutter  is 
generally a single  degree-of-freedom  torsional  response  phenomenon.  The 
present  findings  indicate,  however,  that  the  onset  of  the  excessive  torsion 
responses and amplified  flatwise  bending  responses  found  using  quasi-static 
airloads  is  delayed  with  the  incorporation  of  unsteady  airloads. As was shown 
in an above  subsection  describing  the  effects  of  structural  redundancy,  at 
high  frequencies,  the CBR tends  to  behave  much  like a "conventional"  hingeless 
rotor.  It  would  thus  appear  that  the  excessive  torsion  and  flatwise  bending 
responses  found  at  the  high  blade  loadings,  and  previously  found  to a limited 
degree  for  incremental  blade  collective  angle,  constitute a potentially new 
phenomenon  associated  with  the  analysis  of  hingeless  rotors  using  quasi-static 
airloads. As was  shown  in  Reference 23, a satisfactory  calculation  of  stall 
flutter  generally  requires  the  inclusion  of  variable  inflow  which was lacking 
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in the  present  calculations.  Thus,  that  stall-flutter  per  se was not 
encountered  using  the  unsteady  airloads  is  not  prima  facie  evidence  that  stall- 
flutter  would  not  occur  on  the  composite  bearingless  rotor  at  these  elevated 
blade  loadings. An adequate  exploration  of  this phenomenon is,  however,  beyond 
the  scope  of  this  study. 
Forward  Flight  Stability  Analysis 
Theaeroelastic  stability of rotor  blades  operating in forward  flight 
conditions  is,  as  best,  difficult to analyze  for  the  basic  reason  that  the 
governing  differential  equations  of  motion are significantly  more  complicated 
than  those  for  which  the  usual  mathematical  tools  for  stability  analysis  were 
developed. In contrast  to  the  familiar  linear,  homogeneous  equations f 
motion  with  constant  coefficients,  those  for  the  rotor  blade in forward  flight 
are  highly  nonlinear,  contain  periodic  coefficients i  various  dominant  linear, 
as well as  nonlinear,  terms  and  are  substantially  excited  in  all  lower  harmon- 
ics.  Consequently,  for  any  time-history  response  of  finite  duration  the  tran- 
sient  responses  often  defy  categorization  as  to  exponential  growth  and/or 
transient  convergence  to  periodicity. 
Mathematically,  the  stability  of  such  nonlinear  systems  can  be  defined 
in terms  of  the  linear  stability  of  small  perturbations  away  from  some  nominal 
periodic  solution.  This  solution  is  but a converged  time-history  of  the  orig- 
inal  harmonically  excited  nonlinear  equations.  The  differential  equations  for 
the  perturbations,  however, are generally  linear  with  periodic  coefficients, 
and  as  such,  constitute a problem  in  Floquet  analysis  for  which  several  solu- 
tion  methods  are  available.  However,  two  major  difficulties  in  applying  this 
general  technique  to  the  differential  equations  of  the  rotor  blade  are  as 
follows : 
1. A converged  time-history  solution  of  the  original  nonlinear  equations 
may  not  be  available.  Indeed,  for  cases  of  most  interest,  wherein 
the  degree  of  stability  is  marginal,  the  (numerical)  time-history 
solutions will not  generally  converge  to  periodicity  within a prac- 
tical  period  of  time. 
2. The  linear  perturbational  equations,  to  which  Floquet  theory  must  be 
applied,  are  not  generally  available in explicit  form  owing  to  the 
complexity  of  the  original  differential  equations and to  the  afore- 
mention  lack  of  converged  solution. 
Because of these  two  difficulties  the  stability of the  rotor was analyzed 
herein  using a combination  of  three  basic  ideas  and/or  mathematical  tools: 
First,  and  most  elementary,  is  to  observe  the  time  histories  for  responses 
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which  clearly  increase  monbtonically in amplitude  until  unreasonably  large 
amplitudes are reached.  Time-histories of such  responses  could  clearly  be 
defined  as  unstable in the  global  sense,  but  quantification  of  the  level of . 
instability  often  becomes  meaningless  or  undefinable.  The  second  mathematical 
tool is to use  the  "frozen  azimuth"  eigensolution  available in the  aeroelastic 
analysis  program to ascertain  general  coupled  f'requencies and trends in damping 
due to parameter  variation.  This  second  tool  is  used  primarily  as a guide for 
interpreting  the  results of  the  third  mathematical t o o l  available.  This  last 
and  potentially  most  powerful  matheniatical tool for  analyzing  the  rotor  stabil- 
ity  is  the  transient  spectral  stability  analysis (TSSA) described in detail in 
Reference 24 and briefly in Reference 1. The  results  obtained  from  the TSSA 
are  the  values  of  the  predominant  frequencies  inherent in the given  time- 
histories  as  well  as  the  equivalent  characteristic  exponents  associated  with 
each  of  these  identified  predominant  frequencies.  These  equivalent  character- 
istic  exponents  are  interpreted  in  the  same way as  are  the  real  parts of the. 
familiar  eigenvalues  defined  for  linear  systems  with  constant  coefficients. 
Two separate  bodies of stability  analysis  results  were  calculated an are 
presented  in  this  section.  The  first  is an exploratory  study  of  possible  blade 
instabilities  of  one of the  test  models  whose  characteristics  are  described in 
previous  sections.  The  second  is  an  investigation  of  the  transient  stability 
characteristics  of  the  full-scale  design to complete  the  aeroelastic  analysis 
section  of  this  study.  The  model  results  are  included in this  subsection 
rather  than in the  model  correlations  section  because  they  are  entirely  of  an 
analytic  nature  with a lack  of  quantitative  data  with  which to correlate. 
These  results  f'urthermore  serve  as  an  introduction to and  complement  the  simi- 
lar  results  obtained  for  the  full-scale  design. 
Exploratory  Study ofModel  Rotor  with  Cantilevered  Torque  Tube - Of the two 
basic  model  rotor  configurations  tested,  that  with  the  cantilevered  torque 
tube was selected  as  the  one  most  likely to show  adverse  stability  character- 
istics. This selection  was  made  based  on  this  configuration's  inherently 
softer  torsion  system  arising  from  flexbeam  bending  effects  (wobble  mode),  and 
on  its  pronounced  pitch-flat  coupling  effects.  Furthermore,  it  was  found 
experimentally  that  the  cantilevered  torque  tube  configuration  manifested  more 
unusual  aeroelastic  response  characteristics  than did the  pinned-pinned 
torque  tube  configuration, and would  thus  be  more  susceptible  to  potential 
instabilities.  The  remainder  of  this  subsection  describes  stability  results 
obtained  for  the  cantilevered  torque  tube  configuration.  The  pinned-pinned 
configuration  was  considered to be  stable  and,  consequently  wasn't  analyzed. 
In  accordance  with  the  above  described  approach  for  stability  analysis, 
the  aeroelastic  analysis  program  was run in  all  three  calculation  modes: 
eigensolution,  time-history  solution,  and  transient  spectral  stability  anal- 
ysis.  Rxrametric  variations were made on advance  ratio  and  rotor  speed  for 
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two push-rod attachment  positions.  giving  relatively  large (+) and (- ) values 
of-first  mode  pitch-flat  coupling,  respectively.  Advance  ratio, p  was varied 
up  to a value  of 0.47 at  the  nominal  fixed  value  of  rotor  speed, c1R, of 99.1 
m/sec.  Rotor  speed was varied  up  to  the  nominal  value  holding  advance  ratio 
fixed at 0.47; forward  flight  speed was thus  varied in proportion  to  rotor 
speed  to  maintain  fixed  advance  ratio.  Leading  and  trailing  edge  push-rod 
attachment  points  were  used  which  gave  respective  first  mode  pitch-flat 
couplings  of 0.883 and -0.654, respectively. 
The  eigensolution was calculated  at  zero  azimuth  to  more  nearly  obtain 
azimuthally  average  eigensolutions. All time-histories  were  calculated  with 
zero  control  angles, an inflow  ratio  of -0.005, and  (nominal)  initial  condi- 
tions of .02 on the  -first  flatwise  and  edgewise  bending  mode  deflections  only 
with  all  other  modal  initial  conditions  zero.  The  time-histories  were  calcu- 
lated  for  time  periods  sufficiently  long  to  obtain  data  string  channels of 512 
points  for use in the  transient  spectral  stability  analysis.  The  time-history 
quantities  selected  for  these  data  string  channels  were  out-of-plane  and in- 
plane  deflections (25 and y5, respectively)  and  torsional  deflection (e,), all 
as  calculated  at  the  blade  tip. 
The  eigenvalue  results  for  selected  nominal  tip  speed  cases  are  shown in 
Table XIV. Presented  are  the  real  and  imaginary  parts  of  the  eigenvalues 
together  with  indications  of  the  predominant  modal  components  comprising  the 
coupled  mode  shapes.  Note  that  the 2T modal  component in these  results  denotes 
the  rigid body torsion  mode  resulting  from  flexbeam  bending  effects  and  is 
herein  referred  to  as  the  "wobble  mode".  Of  most  significance  in  these  results 
is  the  sensitivity  of  the  eigenvalues  to  the  initial  conditions  and  to  advance 
ratio.  These  results  are  useful  primarily  in  identirying  modal  response  fre- 
quencies, u), and  in  revealing  destabilizing  trends.  Most  noteworthy  of  these 
results  is  the  ability  of  blade  deflections  to  destabilize  one  of  the  coupled 
second  flatwise  bending  modes and the  ability  of  advance  ratio  to  coalesce  the 
first  flatwise  and  edgewisebendingmodes.  Since  these  eigensolutions  are 
"frozen  azimuth"  results  they  are  not  generally  indicative  of  the  effective 
stability  over  the  whole  rotor  azimuth.  For  this,  the  time-history  solution 
together  with  the  transient  spectral  stability  analysis  must  be  employed. 
The  effects  of  advance  ratio  variation on modal  frequency  and  blade 
stability  are  shown in Figures 131 and 132 for  the  trailing  and  leading  edge 
push-rod  configurations,  respectively.  Based on the  eigensolution  results 
the  frequency  range of interest was deemed  to  be  from 0 . 8 ~  to 3.5P; resonant 
frequency  identification  and  equivalent  characteristic  exponent  calculation 
were therefore  restricted  to  this  frequency  range.  For  both  configurations 
the  results  indicate  little  variation  in  modal  frequency  and  generally  stable 
characteristics,  as  indicated  by  the  uniformly  negative  values  of  equivalent 
characteristic  exponent, Q. In the  reduction  and  interpretation  of  the 
transient  spectral  stability  results  various f the  identified  frequencies 
were  omitted  from  the  presented  re.sults.  Those  frequencies  which  were  either: 
integral  harmonics  with  negligible  damping  (responses  due  to  harmonic  excita- 
tion)  or of nonintegral  harmonic  frequencies  but  with  the  same  noninteger  part 
and  same  characteristic  exponent  as  other  identified  frequencies  (image  or 
nonfundamental  resonances),  were so omitted in the  interests of clarity. 
Detailed  comparison  of  Figures 131 and 132 shows  first  that  although  both 
configurations  are  stable,the  leading-edge  attachment  configuration  (with 
positive  pitch-flat  coupling)  has  significantly  less  margin  than  does  the 
trailing  edge  configuration. Also shown  are  the  generally  lower  modal fre-
quencies  identified  for  the  leading-edge  attachment  configuration.  This  result 
is  consistent  with known effects  of  positive  pitch-flat  coupling.  Finally,  it 
should  be  noted  that  although a single  frequency  of  approximately 1.36~ was 
identified  for  each of the  three  channels,  consistently  different  damping 
levels are indicated  for  the  flapping  (z5)  channels  as  shown  with  dashed  lines 
in the  figures.  It  can  furthermore  be  noted  that  these 1.36~ characteristic 
exponents  (for  the  flapping  channel)  are  more  and  less  stable,  respectively, 
for  the  trailing  and  leading  edge  push  rod  attachment  configurations,  than 
their  corresponding  inplane  and  torsion 1 . 3 6 ~  characteristic  exponents. 
TPle effects  of  rotor  speed  variation  on  the  stability  characteristics of 
the;  trailing  edge  push-rod  configuration  are s h m  in  Figures 133 and 134. 
Figure 133 shows  the  variations  in  the  "frozen  azimuth"  eigensolutions  with 
rotor  speed  variation.  Of  most  significance  in  this  figure  is  the  coalescense 
of  the  wobble  mode  (2T)  with  the  second  flatwise  mode  (2F)  at 3.2P for  the 
nominal  rotor  speed  of 99.1 m/sec  and  the  associated  indicated  instability. 
As demonstrated  in  Table  XIV  this  unstable  eigenvalue  is  deflection  dependent 
and  is  not  applicable  to  conditions  around  the  entire  rotor  azimuth.  Figure. 
134, on  the  other  hand,  presents  the  transient  spectral  stability  results,  but 
that  several  features  of  the  frequency  variations  are well duplicated  including 
the  frequency  coalescence  near 3P, and  the  first  flatwise and edgewise  mode 
frequencies.  Comparison  of  the  damping  levels  shows  remarkable  similarities 
despite  the  effects  of  the  nonlinearities  and  periodic  coefficients.  Signifi- 
cantly,  the  destabilizing  trend  of  the  low  frequency  inplane  (edgewise)  mode 
is  well  duplicated  in  the  two  figures. In Figure 134, the  dashed  line  denoting 
damping  results  for  the  low  frequency  flapping  mode  indicates a quantitatively 
undetermined  connection,  established  qualitatively  on  the  basis  of  the fre- 
quency  results.  The  lack  of  damping determinancy at 85.34 d s e c  for this 
mode  resulted  from  the  erratic  nonmonotonic  behavior  of  the  amplitude  of  this 
frequency  content  within  the  flapping  channel  time-history.  These  figures 
also show  remarkable  similarity  in  predicting a general loss of  damping  with 
the  coalesence  of  the  flatwise  and  torsion  modes.  It  should  be  noted  that 
'in the  same  format  as  Figure 133 for  direct  comparison.  It  is  to  be  noted 
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w e l l  damped modes leave l i t t l e  vibratory  content   to  be iden t i f i ed  by the  
t rans ien t  spec t ra l  s tab i l i ty  ana lys i s .  Hence the  well-damped modes found by 
the   e igensolu thn  will generally be missing from the  TSSA r e su l t s .  
The e f f ec t s  of ro to r  speed variation on the frequency and s t a b i l i t y  
charac te r i s t ics  of the leading edge push-rod configuration are presented in 
Figure 135. The eigenvalue resul ts  for  this  case were found n o t  t o  d i f f e r  
s ign i f i can t ly  f rom those for  the t ra i l ing edge configuration shown i n  Figure 
133 and hence, were omitted herein. Drawing  upon those  resu l t s ,  however, the 
ident i f ied frequency plot  was constructed. The dashed curve was constructed 
by subtracting a nondimensional frequency value of 2 from the  second curve 
(9) recognizing that the w2 curve could possibly be an image resonance, and- 
that the so constructed w2-2 curve connects with the identified frequency at 
the  nominal ro to r  speed t o   c r e a t e  a smooth curve exactly where one should 
exist. Ekmination of the characterist ic exponent curves and comparison with 
Figure 134 shows a genera l   re la t ive   l ack   of   s tab i l i ty  margin for the leading- 
edge push-rod attachment configuration. Indeed, at a t i p  speed of 30.5 m/sec, 
the time-history solution calculated could be unquivocally termed unstable. 
Not only were the   cha rac t e r i s t i c  exponents fo r  a l l  iden t i f i ed  modal frequencies 
found t o  be positive, but the responses achieved unreasonably large magnitudes 
and were terminated in the fourth rotor revolution. 
The pr incipal  f indings of the model rotor  exploratory s tudy me first  
tha t   the   t ra i l ing-edge  push-rod configuration with negative (first mode) pitch- 
f lat  coupling is s igni f icant ly  more s table  than the leading-edge push rod con- 
f igurat ion.  Second,  whereas unstable responses were ca l cu la t ed  fo r  t he  l a t t e r  
configuration, none were calculated for the former. Third, no i n s t a b i l i t i e s  
were calculated for  e i ther  configurat ion at the nominal ro to r  speed at any 
advance r a t i o  up t o  t h e  maximum tested value of 0.47. These findings are thus 
consistent with the  general ly   s table   experimental   resul ts  found within the 
t e s t  envelope. These calculations serve the additional purpose of introducing 
the s tabi l i ty  analysis  techniques also used in the following subsection. 
Transient Stabil i ty of N l  Scale Designs - In con t ra s t  t o  t he  above 
discussed cantilevered torque-tube configured model rotor, the f 'ull-scale 
design configurations with inboard snubber demonstrated generally more s table  
response characterist ics.  Once again, the evaluation of t hese  s t ab i l i t y  
character is t ics  required the considerat ion of r e s u l t s  produced by the three 
basic mathematical tools available. For t h i s  portion of the study parametric 
var ia t ions  were made about each of the two basic configuration trim conditions. 
Those parameters so varied were equivalent blade mass r a t i o  (air density),  
blade loading (rotor shaft angle with fixed controls),  advance r a t i o ,  push- 
rod attachment station (pitch-flat coupling), and torque tube flatwise bending 
s t i f fnes s .  For each parameter variation, the blade response initial condi- 
t i ons  were selected to be the appropriate trim values but with increments of 
0.02 added  eakh to the  first  flatwise and first  edgewise  bending  modal  degrees- 
of-freedom.  Additionally,  for  some  of  the  increased  air  density  cases,  the 
trim  parameters  were  proportionately  reduced  to  preclude  unrealistic  rotor 
stall  conditions  from  obscuring  the  transient  stability  characteristics  at 
issue. 
Results  of  the  stability  analysis  for  the  full-scale  designs  are  shown in 
Table XV and in Figures 136 thru 138. Table XV shows  both  rotor  design  trim 
conditions  to  be  stable  from a "frozen  azimuth"  eigensolution  standpoint. 
Furthermore,  all cdculated time-histories  required  to  form  the  above  enumer- 
ated  parametric  variations  were  found  to  be  stable;  that  is, in every  case  the 
response  amplitudes  were  well  bounded  and  devoid  of  any  divergent  character- 
istics. 
The  results  of  using  the  transient  spectral  stability  analysis (TSSA) on
the  calculated  time-histories  are  presented  in  Figures 136 thru 138. These 
figures  show  the  various  identified  resonant  frequencies  together  with  the 
equivalent  (linear)  characteristic  exponent  associated  with  each  such  frequency. 
Figure 136 shows  the  results  for  variations n equivalent  blade  mass  ratio, 
and in rotor  shaft  angle, cys. Figure 137 presents  the  effects  of 
varylng  advance  ratio  at  the  nominal  value  of  mass  ratio of 10.45 as well as 
at  the  augmented  value  of 12.54 (1.2 x nominal).  Lastly,  the  results  of 
varying  push-rod  attachment  station  (to  achieve  indirect  variation n pitch- 
flat  coupling)  are  shown i Figure 138. 
k u ,  , 
Interpretation  of  the  results  of  Figures 136 thru 138 must  be  made  not 
only in light of  the  generally  stable  indications  afforded by the  eigensolu- 
tions  and by the  stable  boundedness  of  the  time-histories,  but  also by con- 
sidering  the  selected  operation  of  the  transient  spectral  stability  analysis. 
Typical TSSA operation  involved  utilizing  all  of  approximately I* azimuthal 
revolutions  of  time-history  for  frequency  identification.  However,  the  selec- 
tion  of  only 100 time  shirts in the  calculations  for  the  characteristic  expon- 
ents  appears  to  have  been  too  few  because  it  effectively  limited  this  calcula- 
tion  to a relatively  short  window  within  the  time  histories  from  the  start  of 
the  revolution 6 thru  to 75 percent  of  revolution 8. Another  factor  to  be 
considered in the  interpretation  of  these  results  is  that  the TSSA identified 
significant  Floquet-like  behavior. By far  the  most  consistently  identified 
mode was the  lightly  damped  first  edgewise  mode.  However,  as  is.  shown in
these  figures,  other  modes  were  identified  which  had  frequencies  separated 
from  the  edgewise  mode by integral  harmonics and which  were  generally  found  to 
have  approximately  the  same  characteristic  exponents. A general  feature  of 
these  figures,  however,  is  that  most  of  these  multiple  or  image  roots  demon- 
strate  stable  (negative)  characteristic  exponents. A significant  point  to  be 
made  is  that  although  the  basic  supercritical  trim  case was calculated  to 
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exhibit  positive  (unstable)  characteristic eqonents, it  is,  nonetheless, 
stable  since  it  did in fact  converge  to  periodicity. 
The  principal  findings of the  full-scale  design  transient  stability 
analysis are first  that,  for all parametric  variations,  both  designs  were 
found  to  be  stable.  This  evaluation  is  based  principally  on  the  fact  that all 
time-history  responses  were  found  to  be  bounded  for  time  periods  corresponding 
to  sixteen (16) rotor  revolutions.  Second,  as a quantitative  analysis  tool, 
use of the  transient  spectral  stability  analysis  to  predict  stability  levels 
was generally  unsuccessful. Due to  an  improper  selection of operational 
parameters  the TSSA did  not  use  sufficient  data  for  resolution of the  calcu- 
lated  characteristic  exponents. 
An addendum  to  these  findings  is  that in the  course of making these 
parametric  variations  it  was  found  that  some of th  increased air density 
cases,  which  used  the  nominal  trim  parameters,  were  found  to  produce  unbounded 
responses.  It  is  conjectured  that  these  responses  are  stall  related  and simi- 
lar to  others  obtained  under  high  blade  loading  conditions  and  discussed in 
the "Wansient Responses  due  to  Control  Inputsf'  and  "Effects o  Un teady Air- 
loads"  subsections.  The  mechanism  of  this  phenomenon  is  not f 'ully understood 
and was not  explored  herein  since  it was beyond  the  scope of this  study. 
CONCLUSIONS AND RECOMMENDATIONS 
1. 
2. 
3. 
4. 
5 .  
6 .  
7. 
8. 
9. 
Based on model ro tor  wind tunnel  'experiments,  the Composite Bearingless 
Rotor with pinned-pinned control torque tube, is s t ab le  over a t e s t ed  
range of fl ight conditions and exhibits performance and blade response 
charac te r i s t ics  similar t o  conventional hingeless rotors. 
Based on s t a t i c  and fat igue tests, graphite/epoxy is idea l ly   su i t ed   t o  
sa t i s fy   the   s t rength  and modulus requirements of the Composite 
Bearingless Rotor (CBR) . 
A re l a t ive ly  low s t i f f n e s s   r i g i d  body tors ion  mode is inherent i n  the 
cantilever torque tube design causing significant pitch washout and 
potentially destabil izing pitch-flap coupling. 
Based on a preliminary design study, a reduction i n  ro tor  system weight 
of 23 percent can be achieved with the CBR as compared t o  a conventional 
a r t icu la ted  ro tor  of t he  same s ize .  
The. unique s t ruc tura l   charac te r i s t ics  of the  CBR flexbeam, with i t s  
azimuthally varying t w i s t  d i s t r ibu t ion ,  can be analytically modelled. 
A s  predicted by theory, and confirmed by experiment t he   e f f ec t  of flex- 
beam t w i s t  on f lat  t o  edge coupling for thepinnea-pinned configurations is 
minimal. The edgewise  responses  appear t o  be  dominated  by the  1 P and 
2 P drag airloads. 
Use of uncoupled modes together with appropriate t w i s t  related displac- 
ment correction functions provides a viable method for obtaining 
coupled mode response characteristics of rotor blades with arbitrary non- 
linear (continuous or discontinuous) and time-variable t w i s t  as is 
typ ica l  of the  composite bearingless rotor. 
The significance of the rigourous modeling of the  s t ruc tura l  redundancy 
features of the CBR concept appears t o  be  l imi ted  to  the  lower harmonics 
of the torque tube torsion stresses and, .consequently, the push-rod 
loads. 
O f  the  two torque tube configurated rotor models tes ted ,  the  pinned- 
pinned and cantilevered, the former is  the more p rac t i ca l  fo r  immediate 
further development. In  con t r a s t  t o  t he  l a t t e r ,  it generally demonstrated 
typical hingless rotor characterist ics consistently devoid of aeroelas- 
t i c  anomalies. 
68 
10. Although the cantilevered torque tube configurations of t h e  model ro to r  
were generally stable wi th in  the  tes t  envelope, the leading edge attach- 
ment configurations would appear t o  have l e s s   s t a b i l i t y  margin than the 
t r a i l i n g  edge configurat ions and could lose aeroelast ic  s tabi l i ty  
e n t i r e l y  a t  conditions of concurrent reduced rotor speed and moderate 
advance rat io. 
11. Based on the results of t h e  model r o t o r  t e s t s  and preliminary attempts 
t o  achieve trimmed stable f l i gh t  cond i t ions  fo r  a ful l -scale  cant i levered 
torque tube design,  the al ternate  f i l l -scale  design incorporat ing a 
snubber torque tube can more r ead i ly  and p rac t i ca l ly  be  developed. (from 
this  basic  conclusion it was  further concluded that only the snubber 
design would be included within the scope of thefull-scale study.) 
The following additional conclusions relake to the evaluation of t h e  
full-scale (snubber torque tube) designs on the  basis of 1imited.aero- 
e las t ic  considerat ions:  
12. The use of t he  CBR concept i n  a ful l -scale  hel icopter  main rotor  appl i -  
cat ion i s  prac t ica l .  
13. Neither of the two configurations considered, one subc r i t i ca l  and one 
supercr i t ica l ,  a re  suscept ib le  to  any ins tab i l i t i es  by  v i r tue  of  the  
unique CBR features.  While var ious  ins tab i l i t i es  were demonstrated f o r  
extreme combinations of blade loadings and advance rat io ,  they appear  to  
be phenomena genera l ly  charac te r i s t ic  of a l l  hingeless rotor systems. 
14. Both fi l l-scale designs can be configured t o  be f r ee  of any s igni f icant  
n/rev coupled frequency resonances. The bending s t i f f en ing  of the 
torque tube needs t o  be considered and carefu l ly  controlJed fo r   t he  
supe rc r i t i ca l  ( so f t  edgewise) design t o  avoid l /rev dynamic magnifica- 
t ions. 
15. The selected trimmed f l ight  condi t ions a t  high speed (p = 0.44) and 
moderate blade loading (C,/a = 0.057) represent  par t ia l ly  stalled con- 
d i t ions  and, hence, ones near t o  an operational s t a l l  boundary. 
16. The designs are p rac t i ca l  from the standpoint of flexbeam vibratory 
bending and torsional shear stresses. The flexbeam tors iona l  s t resses  
are  marginal ly  sat isfactory a t  the high speed design condition, and an 
addi t ional  design i terat ion would be   j u s t i f i ed  i f  greater  margin were 
desired. 
17. Transient blade bending stresses induced by perturbational control 
angles and pa r t i a l  ma te r i a l  f a i lu re s  (15% reduct ions)are  not  cr i t ical  . 
18. A t  those combinations of blade loading and high forward speed defining 
t h e  s ta l l  boundary blade tors ion moments and, consequently, push-rod 
loads could become c r i t i c a l  due t o  i n t e r a c t i o n s  of nonlinear AEI t o r -  
sion excitation (accruing from hingeless  rotor  flatwise x edgewise bend- 
ing) together with unsteady aerodynamics (dynamic s ta l l  and variable 
inflow). Because of t h e  more nearly "stiffness-matched' '  characteristics 
inherent i n  the supercr i t ical  design,  this  design should be less 
c r i t i c a l  . 
19. Although manifesting lower vibratory edgewise bending moments, the  
supercrit ical  design can exhibit  vibratory edgewise s t resses  grea te r  
than or equal to those f o r  the subcri t ical  design.  The supe rc r i t i ca l  
design can, furthermore,  demonstrate greater sensit ivity to perturba- 
t ional  control  angles .  
20. Nominal bending stiffnesses of the torque tube can be suf f ic ien t ly  h igh  
as to  r e su l t  i n  s ign i f i can t  po r t ions  of  the bending moments at the  
juncture being carried by the torque tube, and in significant modifica- 
t ions  of the coupled natural  frequencies.  
21. The examination of time-history solutions for boundedness was the  most 
re l iab le  ind ica tor  of a e r o e l a s t i c  s t a b i l i t y  employed. The t rans ien t  
spec t r a l  s t ab i l i t y  ana lys i s ,  which uti l izes Fourier Analysis techniques 
together with the time-history solutions, produced inconsistent results. 
This lack of consistency i s  most probably due t o  an ine f f i c i en t  implemen- 
t a t i o n  and subsequent u t i l i z a t i o n  of  t h i s   bas i c  and potentially powerful 
concept. 
The following recommendations are suggested which would extend the 
research in bearingless rotor systems. 
1. Explora t ion  in to  the  feas ib i l i ty  of a "matched s t i f fness ' '  bear ingless  
rotor should be conducted. The rewards  of fu r the r  weight reductions and 
control loads may be achievable with such a design. Such a design i s  
necessar i ly  a highly supercr i t ical  design and the at tendant  potent ia l  for. 
air  and ground resonance d i f f i c u l t i e s  must be solved. The application of 
supplementary integral material damping may provide an important solution 
t o  this concept. 
2. The analysis should be extended t o  include (a) the calculat ion of torque 
tube bending stresses, and ( b )  explicit  loadings on the torque tube. In 
direct  support  of a ''matched stiffness" design the analysis should 
furthermore be extended to include (c) the hub degrees-of-freedom with 
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multi-blade capability, (d) a modelling of hys t e re t i c  s t ruc tu ra l  damping 
to  s imulate  the appl icat ion‘of  discrete  e las t romeric  dampers or supple- 
mentary in tegra l  mater ia l  damping, and (e) control system dynamics. 
Such an analysis would thus go beyond the capabi l i t ies  of  the eigensolu-  
t i o n  and Floquet approaches t o  include the fill influences of nonlinear- 
i t ies,  unsteady stalled aerodynamics,  and realist ic mater ia l  damping. 
3. Detailed studies of the destabil izing pitch-flap coupling mechanisms 
should be conducted t o  determine i f  an exceptable solution to the canti-  
levered torque tube design exists for main rotor  appl icat ions.  
4. Indications of a p o t e n t i a l l y  c r i t i c a l  phenomenon of hingeless  rotors  have 
been observed in  the calculat ions.  This  phenomenon i s  s t a l l - f l u t t e r  l i k e  
in t h a t  it involves the higher frequency torsion mode and occurs at high 
speed near the s ta l l  boundary. In  cont ras t ,  however, it was calculated 
to  occw p r inc ipa l ly  when using only quasi-static airloads,  involves 
appreciable blade bending and, hence, significant torsion excitation 
through the nonlinearAE1 t e r m .  Whether t h i s  phenomenon i s  an analyt ic  
anomaly or  a r e a l  problem area  of hingeless rotors should be resolved. 
5. Further development of  the  t rans ien t  spec t ra l  s tab i l i ty  ana lys i s  should  
be made t o  a s s e s s  i t s  f u l l  p o t e n t i a l  and to  increase  i t s  r e l i a b i l i t y   i n  
routine usage. 
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TABLE I 
METRIC TO ENGLISH CONVERSION FACTORS 
Multiply EL To Find 
Material 
Lot 
Number 
IA- 11 
1D- 52 
1D-52 IA 
TABU I1 
Unidirectional HTS Carbon/Epoxy Sta t ic  Test Results 
Shear 
Strength, 
MN/m2 , (ksi  ) 
79.3 
(11.5) 
99.3 
(14.4) 
115.8 
(16.8) 
113.1 
(16.4) 
Shear 
Modulus , 
GN/m2, (ms i ) 
6.48 
(0.94) 
* 
* 
* 
Flexural 
Strength, 
GN/m2 , (ksi ) 
1.76 
(255 1 
1.67 
(242 ) 
feet  
in.  
kts.  
lbm 
lbm/in . 
l b  
lb-f t  
lb-in. 
l b - sed  
(lb/in.?)xlO 
* Not measured 
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. .. " .. . .. .. _ _ _  " 
TABLE I11 
No. 
- 
KC4-4 
KC4-3 
KC4-2 
KC 4-1 
KC 1-6" 
KC1-5 
964-4 
- 
Combined Loading Fatigue Results 
HTS Graphite/Epoxy Specimens 
(Ksi) 
670 
(97.2) 
558. 
(81.0) 
456 
(66.2) 
456 
(66.2) 
739 
(107.2) 
494 
(71.7) 
587 
(85.1) 
N Ef/Ej 
85 
1.00 
1.00 
1.00 
98 
1.00 
1.00 
I * S p l i t  at clamp due t o  excessive tightening in trying to prevent slipping 
TABLE I V  
MODEL  SCALE BEARINGLESS ROTOR DESIGN PARAMETERS 
Parameter Model Rotor Values 
Torque Tube Design . . .  ' . . . . . . . .  Cantilever (Fig . 9) . Pinned (Fig . 8) 
Design  Tip  Speed. R. m/sec . . . . . . .  99.1 . . .  99.1 
No . Of Blades. b . . . . . . . . . . . . .  4.2 . . .  4.2 
Radius. R. m . . . . . . . . . . . . . .  0.610 . . .  0.610 
Chord. .. m . . . . . . . . . . . . . .  0.0391 . 0.0391 
Sol id i ty .  u . . . . . . . . . . . . . .  0 ..08lr/. 0.01108 . . .  0.0817, 0.0408 
Blade Root Offset . . . . . . . . . . .  0.05R . . .  0 . 0 5 ~  
Preconing. ao. deg . . . . . . . . . . .  2 . . .  2 
Flexbeam  Length . . . . . . . . . . . .  0 2 8 3 ~  . . .  0 . 2 8 3  
Air fo i l*  . . . . . . . . . . . . . . .  NACA 0012 . m NACA 0012 
Linear Twist. B1 deg . . . . . . . . . .  o . . .  0 
c.g. Location* . . . . . . . . . . . . .  0 . 2 5 ~  . . .  0 . 2 5 ~  
e.a.  Loc tion* . . . . . . . . . . . .  0 . 2 5 ~  . . .  0 . 2 5 ~  
Tip Mach  No .. M . . . . . . . . . . . .  0.291 . . .  0.291 
Tip Reynolds No., Re . . . . . . . . . .  0.287 x 10 6 . . .  0.287 x 10 6 
Lock No., y . . . . . . . . . . . . . .  4.27 . . .  4.15 
Froude No., n2R/g . . . . . . . . . . .  1640 . . . .  1640 . 
1st Flapwise  Natural  Frequency. wwl . . 1.09 . . .  1.09 
2nd Flapwise  Natural  Frequency. iw2 . . 2.90 . . .  2.66 
3rd  Flapwise Natural Frequency. Gw3 . . 5.66 . . .  4-70 
1st Edgewise Natural Frequency. i . . 1.35 . . .  
V l  
1.35 
2nd  Edgewise Natural  Frequency. Wv2 . . 8.52 . . .  7.72 
1st Torsional Natural Frequency. w . 7-15 . . .  7.02 
* Outboard of Torque 'Tube . 
77 
TABLE V 
SCALF: FACTOR SUMMARY 
Parameter 
Weight or Msss per Unit of Length 
Total Mass 
Mment of Inertia per Unit Length 
Total  Inertia 
Force 
Moment 
Stress 
St i f fhess  
Nondimensional Blade Natural 
Frequencies 
TABLE VI 
FORWARD FLIGHT  TEST  CONDITIONS 
- 
b 
- 
2 
I1 
4 
I t  
11 
11 
11 
I1 
2 
I1 
I1 
11 
11 
11 
I1 
4 
2 
11 
4 
2 
11 
I1 
11 
I1 
11 
11 
11 
I1 
4 
2 
2 
~ .. . 
P 
~ ~~ ... . . . ~ 
0.25, 0.35, 0.4' 
0.25, 0.35, 0.4' 
0.25 
0.35 
0.25 
0.35 
0.47 
0.25 
0.47 
0-35 
0.25 
0.35 
0.47 
0.35 
0.25 
0.25 
0.25 
0.25 
0.25 
0.35 
0.47 
0.25 
0.47 
0.47 
0.25 
0.25 
0.25 
0.35 
0.35 
0.25 
RR = 99.1 m/sec 
:ollec  t ive Angle, 
9.75 9 deg 
4 
8 
4 
8 
9-3 
10.1 
11 
I1 
7.4 - 7.5 
11 . I1 
11 11 
13.5 - 13.6 
11 11 
11 11 
16.6 - 17.5 
7.5 
6.6 
12.5 
7.4 
6.1 
6.5 
5.5 
9.5 
11.1 
11.1 
11.1 
13.2 
14.4 
7.4 
6.5 
9.7 
Torque Tube Attachment 
Pinned 
11 11 
11 11 
11 11 
11 11 
11 11 
11 11 
11 11 
Cantilever (t.e.)* @ r=O.&OR 
I1 11 
11 11 
11 11 
11 11 
11 11 
11 11 
. 11 11 
Cantilever (t.e.> @ r=0.080~ 
11 11 
11 11 
Cantilever (l.e.>* Q ~=O.O~IR 
11 11 
11 I t  
11 11 
11 11 
I1 11 
I1 11 
I1 11 
11 11 
11 11 
Cantilever (1.e.) @ r=0.070R 
11 11 
NOTE: A t  each test condition Qs was generally varied over a range of eight or 
ten degrees in two degree increments. 
* t.e. - t r a i l i n g  edge;  1.e. = leading edge 
TABLE V I 1  
PARTIAL DERIVATIVES OF PEWRI MCFI W I T H  
RESPECT  TO  CONTROL ANGLES 
( u s  )trim = -6' 
(a) Lift  Coefficient/Solidity, C d o  
rorque Tube  Type 
Pinned-Pinned 
Cantilevered (t . e. ) 
8 r = .060~ 
. Cantilvered (1. e . ) 
Q r = .09lR 
(b) Drag  Coef f icient/Solidity, 
Pinned-Pinned 
Cantilevered  (t .e. ) 
8 r = - 0 6 0 ~  
Cantilevered (1. e. ) 
Q r = .OglR 
(C) Torque  Coefficient/Solidity,, C d U  
~ ~ 
b/bas b / b  0 7CjR b/bAlS b/bBls 
deg'l 
00614  .01710 - .OOlLL - .OO674 
.00928  .02161 - .00167 - .01038 
.00443  .00934  .00077 - . 00288 
.0054o . 01029  .00098 - . 00484 
00874 01639 - .00272 - .00950 
,/o 
-.00038  -.00226 . 00040 . 00056 
- 00193 - 00294 .om56 .00167 
.ooo2g -.ooogl .00026 .moo4 
-.00021 -.OO11g . 00003 .00057 
-.00130 -.00225 .om25 .00122 
Pinned-Pinned 
Cantilevered (t .e. ) 
Q r = .060R 
Cantilvered (1.e.) 
Q r = .OglR 
o -.om18 .00048 . OOIJ-4 
.om36 .oo030 .00048 .00037 
.om29 .00033 .00010 .00032 
.00024  . 026  . 008 . 00023 
- .00048 - .00066 - . 00031 .00062 
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TABLE VI11 
MODEL TEST P W T E R S  DEFINING  CORRELATION  CASES 
T 1 
I 
' Torque-Tube 
6.1 -1.0 9.6 -8.0 124.54 .9638 22.04 II 
5.4 -2.3 9.8 -8.0 88.96 .9656 2 22.03 
6.1 -2.1 7.9 -5.0 88.96 .9571 4 87.08 
5.3, -2.3  8.2  -6.0 88.96 .9498 o.,  o., 0. pinned 2 { 25. 3 I 
deR* deg. deg. angle, deg. km/sec Ratio Couplinn. 6 ~ 5 ,  i =1,2 .3* Conf iwat ion  b Case ;roup 
B, %s 0.75 Gem, Shaft Velocity  Density Geometric Pitch-Flat 
I 
21.05 5.2  -1.9 3.1 0. 167.35 .9603 
22.05 
2.7 -0.4  4.0 -6.0 125.09 .9345 , 
1.4 -0.4 4.0 -6 .o 124.90 .9380 . 
6.2 -1.6 9.6 -8.0 167.72 .9585 
cantilevered 
8.0 -0.2 5.6 0. 168.46 .9253 +.422,1.3~2,-11.0*** 
4.8 -0.4 6.7 0. 89.14 .9562 
I I 10.8 -0.7 14.5 -8.0 168.09 .9187 I I  6.5 0. 11 .o -8.0 89.14 ,9579 
*Geometric pitch-flat coupling i s  computed from flatwise modal dis t r ibut ions and torque tube geometry; cantilevered 
torque tube i s  attached t o  blade spar 19.05 cm from rotor center. 
**Push-rodltorque tube attachment point is 4.90 cm from rotor center and 2.97 cm behind feathering axis. 
***Push-rodltorque tube attachment point is 5.54 cm from rotor center and 2.96 cm ahead of feathering axis. 
MPERSMENTAL AND ANALYTIC ROTOR PERFORMANCE FOR CORRELATION  CASES 
( .0064) ( .00861) 
22.05 .467 -.06672 -.01292  .COO08 .02162 .02184 
- -00609 - .00549 .00573 
( - .00419) 
.00017  . 354  .0405 
( -00323 1 
(- .00022) 
.00200  .0247  . 264 
( .00158) 
.00465  .0438  .0241 
.00209) 
- .002 54 .OW75 .00458 
( .OOlOl) - .01320 - .00989 .00510 
(- .00472) 
-.00107 I .00334  .00560 
I * Nonparenthesized values pertain to trimmed analytic results;  parenthesized values pertain to untrimmed analytic  results. 
000643 I 
.00310 I 
. _  TABLE x 
SU"4RY O F  NLL-SCALF: DESIGN FORWARD FLIGHT TRIM CASES 
Case 
blade configuration 
torque-tube bending 
s t i f fness  
rad ia l  pushrod 
attachment point, m. 
1 
subcr i t ica l  
nominal 
- 533 
.U8 
- .330 
.748 
12.07 
-1.19 
9.69 
- .0609 
2 
supercr i t ical  
25% nominal 
.483 
- .013 
.029 
- .024 
11.25 
-1.89 
8.07 
- .0642 
3 
subcr i t ica l  
nominal 
635 
- 383 
2.301 
11.82 
-1.36 
9.47 
- ,0581 
-1.053 
A. 
B . 0  
C. 
TABLE XI 
AERODYNAMIC STATIC STABILITY IXEEUNATIVE MATRICES, [ S] 
trim case 1 (basic  subcri t ical  configurat ion)  
- - 
- .002090 - ,009384 .015010 .oo9280 - -224900 
- .000060 .000522 .000378 - .000432 - 051680 
- . ooo1n - .001431 .001708 .000685 .000306 
.0007gO - .000089 .000166 .000022 -155 
- .000067 - .000245  .001318  .000302 - 09352 
m u 4 8  - .000076 .000034 - . oooll2 .oougo 
I. - 
t r i m  case 2 (basic  supercr i t ical  configurat ion 
- - .000800 - .OOg808 .016630  .009280 - .1” 
- ,000079  . 0444 . 00653 - .000315 - .ob6590 
- .000066 - .001364  .001225  . 0&27 .004698 
.ooo902 - .0002gg  . 00857 .000140 - 005363 
- .000046 - .000186  . 01176 .000214 - ‘007553 
.001137  . 00297 - ,000379 - .000340 .002126 - 9 
trim case 3 (subcri t ical   configurat ion  with  modif ied  pi tch-f la t  coupling) 
- 1 
- .0&567 - .008454 .0146gO 0009394 - 257600 
.000052 .00&83 .000515 - .ma23 - .051220 
- .oo&go - .001310 .001583 .000723 - .002830 
.000594 - .00&77 .000602 .000236 =oO093l 
- .000165 - .000281  . 01376 .000362 - .015480 
.000950 - .000538  .00 572 .00 147 “52 - 
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TABLE XI1 
" R I M  DERIVATIVE MATRICES, [ T ] 
A. t r i m  case 1 (basic subcritical configuration) 
. .  
3.3 -86.9 -130.4 
115.4 747.4 -1188.6 . , 96.5 
24.2  896 5 157.7  167.9 
1.3 -5.4 -u. 3 0.8 
B. t r i m  case 2 (basic supercritical configuration) 
-17 5 
56.4 
15.0 
1.0 
-449.0 
427.0 
787.7 
-7.6 
1036.1 
- 
-10.0 -0.5 - 
C. trim case 3 (subcritical configuration with modified pitch-flat coupling) 
6.3 
123.2 
18.2 
1.3 
-52.6 
570 3 
789 3 
-5.6 
-532 5 
- 
1297 5 
-12 .o 1.69 - 
EZFZCTS OF PARTIAL F’LEXBFAM BENIING STIFFNESSES 
ON BLADE NATURAL FRFQUE2JCIES 
Mode 
Subcr i t ica l  Design 
SuDercritical Design 
H 
Nominal 
1 .080~  
2.714P 
4.843P 
4.138~ 
0.794P 
5xbeam Bending 
0.85 x Nominal 
(EIF)FB= 
1 .076~  
2.70lP 
4.814P 
1.328P 
7.283.~ 
1 .076~ 
4.814~ 
2.701P 
0.794P 
4.138~ 
1 
1.080~ 
4.834~ 
1 .270~  
2.714P 
7.  lllp 
1.080~ 
2.714P 
4.834P 
4.063~ 
0 .763~ 
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Trailing Edge Push-Rod Attachment a t  .OgR. 
RR = 99.1 m/sec., $ = 0 . .  
9 = p i s  = Bls = 0, A (inflaw) = - .005 75R 
Case & Condition *. U 
I. p =  0.1 
-.026 zero  in i t i a l  cond i t ions  
- 2-44 
- 9 367 - .210 - 176 
II. p =  0.1 - .227 
nominal i n i t i a l  cond i t inn  
( q = q = 0.02) +. 052 
9 v1 I- .648 1- .181 
~~ ~ ~ ~~ 
:II. p= 0.47 .200 
+. 054 
nominal i n i t i a l  
- 0 666 - 187 
*Eigenvalue, A = cr f i 0 
8 
0 
1.194 
1.356 
2.947 
3 9433 
5 794 
1.292 
1.382 
3 0145 
3 9 130 
5  -792 
1 392 
1-393 
3  -198 
3.166 
5.821 
Modal Content 
lF, 2T 
1 E  
2T, 2F, 1 T  
2T, TT 
lT ,  2T, 3F 
I", m, lE 
U, 2T, lF 
2T, l T ,  lF, 2F 
2T, l T ,  IT, 2F 
l T ,  2T, 3F 
lF, 2T, U 
lE, lF, 2T 
2T, l T ,  lF, lE 
2T, l T ,  I", I E  
2T, l T ,  lF, IE 
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EIGENSOLUTIONS FOR FULL SCALE  DESIGN 
CONFIGURATIONS AT T R I M  CONDITIONS 
Case 
1 b Subcrit ice1 
(Configuration No.1) 
I1 b Supercrit ical  
(Configuration No..2 ) 
*Eigenvalue A = u+io 
' 0  
* 
1.201 
1.403 
2.836 
4 789 
7 9 575 
10 a059 
0847 
1.304 
2 -808 
4.078 
4.944 
10.081 
Modal Content 
lF, lE, 1T 
l E ,  lF, I T  
2F, lT, IE, lF 
3F, 1E, lT ,  2F 
l T ,  2E, lF 
1 m  
u, lF 
lF, 1 E  
2F, lE, lF, 1T 
l T ,  2E, lF, 3F 
3F, U, lT,  2E 
1T 
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Figure 7. - Model Rotor and Test Rig Installed in Wind Tunnel Test Section 
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Figure 8. - Details of Pinned-Pinned Torque Tube 
Figure 9. - Details of Cantilevered Torque Tube. 
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Figure 12. -Idealized  Section  Property  Distributions for Model Blade with 
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Figure 14.  - Calculated Normal Mode Shapes Cantilevered Torque Tube 
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Figure 15. -Variation of Blade Natural Frequencies with Tip Speed, 
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Figure 20. - W e 1  Rotor Hover Performance, Cantilevered Torque  Tube, 
Trailing Edge Push-Rod Attachment at 0.08 R, CT = 0.0408. 
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Figure 21. "ode1 Rotor Hover Performance, Cantilevered Torque Tube, 
Leading Edge Push-Rod Attachment at 0.09 R, u = 0 .O408. 
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Figure -28. -Effects of Input Collective Angle and Shaft; Angle Vasiations on 
Forward Flight Performance of Model Rotor with Cantilevered 
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Figure 30. -Effects of Input Collective Angle and Shaft Angle Variations 
on Forward Flight Performance of Mdel  Rotor with Cantilevered 
Torque mbe, Trailing Edge Push-Rod Attachment @ 0.06 R, 
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Figure 3 2 .  -Effects of Input Collective Angle and Shaft Angle Variations on 
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Figure 34. -Effects of Advance Ratio and Blade Ioading on Vibratory Inboard 
Flatwise Stresses of Model Rotor with Pinned-Pinned Torque Tube, 
r = 0.06 R, c = 0.0817. 
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Figure 35. -Effect8 of Advance  Ratio and Blade Loading on Vibratory Inboard 
Edgewise  Stressee of Model Rotor with Pinned-Pinned Torque Tube, 
r = 0.06 R, u =  0.0817. 
0.07 
0.06 
E 
0.05 
z 
z +- 
LL 
% g 0.04 
u 
z, 
n 
rn 
3 0.03 
I- 
z 
Lu 
5 
4 
t 0.02 
LL 
n '. 
\ 
F 
~ 
0.01 
0 
I I I 
cc e 
0 0.25' 9.3O 
0.35 10.1 ' 
A 0.47 1 0.1' 
d 0.25 8.0' 
0.35 8.0' 
12 = 0.35 
- 
I I I 
0.02 0.04 0.06 
THRUST COEFFICIENT/SOLIDITY, CT/U 
8 
Figure 36. - Effects of Advance Ratio and Blade Loading on Vibratory Outboard 
Flatwise Bending Moment of Model Rotor with Finned-Pinned Torque 
Tube , r = .42 R, 0 = 0.0817. 
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Outboard Flatwise Bending Mment of W e 1  Rotor with 
Cantilevered Torque Tube Trailing Edge Push-Rod 
Attachmnt @ 0.06 R, r = 0.42 R,cr=O.&08. 
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Figure 43. -Perturbations of Azimuthal Variation8 of inboard Flatwire 
and Edgewise Stresses for Model.Rotor with F'inned-pinned 
Torque Tube, p = 0.25, u =  0.0408. 
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Figure 44. -Perturbations of Azimuthal Variations of Inboard Flatwise and 
Edgewise S t resses   for  Model Rotor with Pinned-Pinned 
Torque Tube, p = 0.35, u =  0.0408. 
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Figure 45. -Perturbations of Azimuthal  Variations of Inboard  Flatwise 
and  Edgewise  Stresses f o r  We1 Rotor  with  Cantilevered 
Torque  Tube,  Trailing  Edge  Push-Rod  Attachment @ 0.06 
R, = 0.25, u = 0.0408. 
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Figure 46. -Perturbations of Azimuthal  Variations of Inboard  Flatwise and 
' Edgewise  Stresses for W e 1  Rotor with Cantilevered Torque Tube, 
Trailing  Edge  Push-Rod  Attachment @ 0.06 R, p = 0.35, u = 0.0408. 
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Figure 47. -Perturb8tiOnS of Azimuthal Variations of Inboard Flatwise and 
Edgewise Stresses for Model Rotor with Cantilevered Torque-Tube, 
Leading Edge  Push-Rod  Attaclrment at 0.09 R, p = 0.35, = 0.0408. 
L 
AZIMUTH POSITION, J/ ,deg 
(b) COLLECTIVE PITCH PERTURBATIONS 
Figure 47. - (Continued) 
AZIMUTH POSITION,d'. deg 
-60 I I I - 0  
0 90 180 270 360 
AZIMUTH  POSITION, 9 ,  dag 
(c) LONGITUDINAL  CYCLIC  PERTURBATIONS 
Figure 47. - '(Continued) ' 
-1 
x 
\ 
1 
- 
4 
- 
\ 
- 
,50i I )J I 
90 1 80 270 
AZIMUTH POSITION, $, deg 
\ / 
\ I  
50 
0 
-50 
-100 
(dl LATERAL CYCLIC PERTURBATIONS 
Figure 47. - (Concluded) 
90 180 270 'C 
AZIMUTH POSITION, J/, deg 
1.6 
1.4 
1.2 
u" 
F- 1.0 
z w 
0 
LL 0.8 
LL 
W 
8 
I- .0.6 u- 
-I 
0.4 
0.2 
0 
0.1 6 
0.1  4 
0.1  2 
0.10 
0.08 
0.06 
0.04 
0.02 
0 
0 4 8 12 16 
SECTION ANGLE OF ATTACK, a, DEG 
E" u 0 
< 
w -0.01 
0 
z 
LL 
LL 
w 8 -0.02 
0; 
B 
z I-. -0.04 
2 -0.03 I- 
- a 
w 
5 
0 
Q z 
I 
-0.05 
- 
-0.06 
n k 
-0.07 
Figure 48. -Airfoil  Characteristics Assumed for Model Blade Sections and Used i n  
Correlation Study. 
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Figure 49. -Experimental and Andytic Time-Histories of Inboard Flatxise Bending 
Stresses, r = 0.06 R, Case 25.03, C /u = 0.0783, I.C = 0-25, b = 2. 
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Figure 51. -Experimental and Analytic Time-Histories of Outboa,rd Flatwise Bending 
hbmnts, r = 0.42 R, Case 25.03, C L / a  = 0.0783, p = 0.25, b = 2. 
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Figure 52. -Experimental and Analytic Time-Histories of Inboard Flatwise Bending 
Stresses, r = 0.06 R, Case 87.08, CL/u = 0.0741, p = 0.25, b = 4. 
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Figure 53. -Experimental and Analytic Time-=stories of Inboard Edgewise Bending 
Stresses, P = 0.06 R, Case 87.08, C /a = 0.0741, p = 0.25, b = 4. L 
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Figure 54. -Experimental and Analytic !Fime-&stories of Outboard Flafwrse Bending . . . 
lhmnts, r = 0.42 R, Case 87.08, CL/o = 0.0741, p = 0.25, b = 4. 
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Figure 55. -Experimental and Analytic Time-Histories of Inboard Flatwise Bending 
Stresses, r = 0.06 R, Case 22.03, CL/cr  = 0.0708, = 0.25. 
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Figme 56. -Experimental and Analytic Time-Estories of Inboard Edgewise Bending 
Stresses, r = 0.06 R, Case 22.03, C /u = 0.0708, p = 0.25. L 
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Figure 57. -Experimental and Analytic Time-Histories of Outboard Flatwise Moments, 
r = 0.42 R, Case 22.03, C r / u  = 0.0708, u = 0.25. 
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Figure 58. -&erimental and Analytic Time-Histories of Inboard Flatwise Bending 
Stresses, r = 0.06 R, Case 22.04, C,/u = 0.0503, p = 0.35. 
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Figure 59. -&cperimental and Analytic Em-=stories of Inboard Edgewise Bending 
Stresses, r = 0.06 R, Case 22.04, CL/u = 0.0503, p = 0.35. 
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Figure 60. -Experimental and Analytic Time-Histories of Outboard Flatwise Bending 
kbments, r = 0.42 R, Case 22.04, C /u = 0.0503, p =  0.35. L 
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Figure 61. -Experimental and Analytic Time-Histories of Inboard Flatwise Bending 
Stresses, r = 0.06 R, Case 21.05, CL/u = 0.0403, p = 0.47. 
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Figure 62. - Experimental and Analytic Time-Iiistories of Inboard -wise Bending 
Stresses, r = 0.06 R, Case U . W ,  CL/c = 0.0403, p =  0.47. 
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Figure 63. -Experimental and Analytic Time-=stories of Outboard Flatwise Bending 
kments, r = 0.42 R, Case 21.05, C /u = 0.0403, p = 0.47. L 
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Figure 64. -Eaerimental and Analytic 'JXme-Histories of Inboard Flatwise Bending 
Stresses, r = 0.06 R, Case 22.05, CL/u = 0.0216, p = 0.47. 
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Figure 65. -Experimental and Analytic Time-Histories of Inboard Edgewise Bending 
Stresses, r = 0.06 R, Case 22.05, C /u = 0.0216, p = 0.47. L 
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Figure 66. -Experimental and Analytic Time-Hstories of Outboard Flatwise Bending 
Maaents, r = 0.42 R, Case 22.05, CL/u = 0.0216, p =  0.47- 
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Figure 67. -Experimentd and Analytic Time-Histories of Inboard Flatwise Bending 
Stresses, r = 0.06 R, Case 11.05, CL/u = 0.0014, = 0.35. 
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Figure 68. -Experimental and Analytic Time-Histories of Inboard Edgewise B e n d i n g  
Stresses, r = 0.06 R, Case 11.05, CL/a  = 0.0014, p = 0.35. 
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Figure 69. -Experimental and Analytic Time-Histories of Inboard Flatwise Bending  
Stresses, r = 0.06 R, Case 11.06, CL/u = -0.0145, p =  0.35. ~- % -. 
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Figure 70. -Experimental and Analytic Time-Elstories of Inboard 
Edgewise Bending Stresses, r = 0.06 R, Case 11.06, 
CL/u = -0.0145, p = 0.35. 
" 
2 
0 
-2 
I I I I I I I I I I I 
0 90 180 270 
BLADE AZIMUTH POSITION, JI, DEG 
Figure 71. -Experimental and Analytic Time-Histories of Inboard Flatwise Bending 
Stresses, r = 0.06 R, Case 82.10, CL/v = 0.0638, p = 0.25. 
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Figure 72. -Experimental and Analytic Time-Estories of Inboard Edgewise Bending 
Stresseq, r = 0.06 R, Case 82.10, C /u = 0.0638, p = 0.25. L 
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Figure 73. -Experimental and Analytic Time-Histories of Outboard Flatwise Bending 
mments, r = 0.42 R, Case 82.10, cL/u = 0.0638, p = 0.25. 
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Figure 74. -'lixperimentsl and Analytic !Bnre-Histories of Flexbeam Torsional Deflections, 
Cure 82.10, CL/u = 0.0638, p = 0.25. . . .  
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Figure 75. -Experimental and Analytic Time-HLstories of Inboard Flatwise Bending 
Sti-esses, r =.  0.06 R, Case 83.08, CL/cr = 0.0704, p = 0.25. 
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Figure 76:. -Experimental and Analytic Time-Histories of Inboard Edgewise Bending 
Stresses, r = 0.06 R, Case 83.08, C , / u  = 0.0704, p = 0.25. L .  
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Figure 77. -Experimental and Analytic Time-Iiistories of Outboard Flatwise Bending 
Mments, r = 0.42 R, Case 83.08, CL/u = 0.0704, p = 0.25- 
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Figure 79. -Experimental and Analytic Time-Histories of Inboard Flatwise Bending 
Stresses, r = 0.06 R, Case 72.06, C L / v  = 0.0412, p = 0.47. 
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Figure 80. -Experimental and 'Analytic Time-=stories of Inboard Edgewise  Bending, ' 
Stresses, r = 0.06 R, Case 72.06, C L / u  = 0.0412, p = 0.47. 
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Figure 81. - Experimental and Analytic Time-Histories of Outboard Flatwise Bending 
Wents, r = 0.42 R, Case 72.06, C /u = 0.0412, p = 0.47. L -  
10 
8 
6 
Q 4  
n 
i '2 
9 
ts 
w 
w 
A 
W 
u o  
n 
2 
e-4  
z -2 
Q 
a v) 
-6 
-8 
ANALYTIC (TRIMMED) 
ANALYTIC (UNTRIMMED) 
90 180 270 
AZIMUTH POSITION, JI, DEG 
Figure 82. - Expe-fimental and Analytic Time-Histories of Flexbeam Torsional 
Deflections, Case 72.06, CL/m = O . O h 2 ,  p = 0.47. 
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Figure U3. -Experimental and Analytic Time-Eistories of Inboard Flatwise Bending 
Stresses, r = 0.06 R, Case 73.08, C L / r  = 0.0412, p = 0.47. 
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Figure 84; -Experimental and Analytic Time-Hstories of Inboard Edgewise Bending 
Stresses, r = 0.06 R, Case 73.08, C /u = 0.0412, p = 0.47. L 
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Figure 85. -Experimental and Analytic Time-Histories of Outboard Flatwise Bending 
Moments, r = 0.42 R, Case 73.08, CL/a = 0.0412, p = 0.47. 
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. Figure 86. -Experimental and Anaiytic Time-Histories  of  Flexbeam Torsional Deflections, 
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Case 73.08, CL/u = 0.0412, p = 0.47. 
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Figure 89. -Full Scale Bending Stiffness Distributions. 
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Figure 90. - N 1  Scale  Torsion  StiFfness  Distributions. 
40 
35 
cn 
30 - 
I- 
3 m 
a 
E 25 
'k 
K 
W 
I- 
W 
I 
a a a 20 n 
z 
.G 
I- o 
W cn 
w 15 
m 
3 
I- 
W 
3 a 
I- 
10 
5 
0 
/ 
CANTILEVERED  DESIGN 
(E = 69.0 GN/m2). 
- - - SNUBBER DESIGN 
(E = 19.3 GN/m2) 
LA' ' / 
0 ,  0.05 0.10 0.15 0.20 0.'25 0.30 
NONDIMENSIONAL SPANWISE STATION,T 
Figure 91. - N l  Scale Torque Tube Characteristics, Cantilevered and 
Snubber Designs 
4.0 - 
3.0 - 
2.0 - 
1.0 - 
0 L 0 
. .  NONDIMENSIONAL SPANWISE STATION,? 
Figure 92. -Full Scale Torque  Tube  Characteristics,  Snubber  Design 
(Augmented  Scale ) 
. 
: SUBCRITICAL CONFIG.. 
\ - -' -: SUPERCRITICAL  CONFIG. 
-1 
0.4 I '  I I I I I 
q;35 - 
0.3 - 
0.25 - 
0.2 - 
0.15 - 
0.1 - 
0.05 - 
I 
0 0.05: 0.10 0.11 5, 
NONDIMENSIONAL SPANWISE STATION,? 
Figure 93. -Full Scale Flexbeam Characterletice 
40 
35 
30 
25 
20 
15 
I I I I I I I I I 
SUBCRITICAL  DEStGN 
- - - SUPERCRITICAL  DESIGN / 
11P / 
- 1T 
” 
””,””” - 3E 
L 
Figure 94. -Full Scale  Blade  Uncoupled  Frequencies 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 
0 
0 20 40 60 80 100 120 
TIP SPEED, R R ,  m/sec 
140 160 180 
Figure 95.-Full Scale  Blade  Uncoupled  Frequencies of Low Numbered Modes 
. 
Figure 96. -Layup of Snubber Torque Tube Design 
. .  . .  
w 0 
A 
0 
3 
8 
w n 
m 14 
4 
0. ' I I I I I 1 I 1 I 
) 20 40 .60 80 100 120 1-40 160 1 8 0  : 
TIP  SPEED, QR,  rn/sec 
Figure 97. -Variation of Coupled Frequencies KJth Tip Speed, 
Subcritical Design 
I 
P 
a 
w 
J 
n 
3 
u 0 
W a a 
m 
-I 
1P 
= 198 mlsec 
R = 9.45 m 
NOMINAL TORQUE TUBE BENDING STIFFNESS 
1 
I 1 1 I I I 
5  10  15 20 25 30 
COLLECTIVE PITCH ANGLE, deg 
,... _. 
Figure 101. -Variation of Coupled  Frequencies  with  Collective Pitch 
. Angle, Supercritical Design 
201 
. .  
101 
1c 
1 
- 
1T 
1E 
1 I I 1 1 I 1 1 1  I I I I I 1 1 1  
I 1 .o 1 
TORQUE-TUBE BENDING STIFFNESS RATIO, (E,I/EI,,,)TT 
Figure 99. - Variation of Coupled Frequencies with Torque Tube 
Beriding Stiffnesses. Subcritical Desinn 
202 
'.lb 20 40 60 80 1" ,120 140 160 1 8 0  I I I I I I I I I 
TIP SPEED,.finR, mhec 
Figure 100. -Variation of Coupled Frequencies with Tip Speed, 
Supercritical Design 
10 
1 
1 
52R - 198 mhoc 
R - 9.45 m 
NOMINAL TORQUE TUBE BENDING STIFFNESS 
0 5 10 15 20 25 30 
COLLECTIVE PITCH ANGLE, 875, deg 
Figure 98. - Variation of Coupled Frequencies with Collective Pltch 
Angle, Subcritical Design 
204 
l a  
1' 
aP 
. .  -I -" - " " - " 
:P --- 1.. 
"  --. " .. "- 
I I I ' I  I I I l l  1 I I I I I l l 1  
1 1 .o 10 
TORQUE TUBE BENDING STIFFNESS RATIO, (EI /EI~, , )~ 
Figure 102. -Variation of Coupled Frequencies with Torque Tube 
Bending Stiff'nesses, Supercritical Design 
1.2 
1.0 - 
0.8 
7 - 
0.6 - / / i  e 
0.4 - 
0.2 - I 
I I I I 
0 
IlE), 
y5 0 / i: 
e */- 1 
-0.2- 
- \* -0.4 
‘%* 
I I 1 I -1.2. 
e - 
-0.6 - 
-0.8 - \*Q&2 
-1 .o - - 
0 0.2 0.4 0.6 0.8 1.0 
-0.8 - 
-1.0 - 
0 0.2 0.4 0.6 0.8 1.0 
1.2 
1.0- 
1 I I . I  
0.8 - ”.”- 13F) <* - 
e 
/ - 
0.6 
0.4- 
- 
/ *  
/ (1T) - 
e 
- 
(1F) - 
-0.2 - 
-0.4 
‘“e- e-.-. 1 - (2F 1 - 
0.6- I I I I 
0.4 - - 
0.2 - 
-0.2 - 
-0.4 - - 
-0.6 I I I I 
0 0.2 0.4 0.6  0.8 1.0 
0.6 I I I I 
0.4 - - 
0.2- (2E) 
it  . - 
25 0-: .- e \ 
-0.2 - ( l a -  - - - 
\ 
- 0 . 4 b  -I 
-0.6 ~ 
0 0.2 0.4 0.6 0.8 1.0 
:::I , I I , j 
-1 .o 
-1.2 
0 0.2 . 0.4 0.6 0.8 1.0 
(ND) SPANWISE STATION, 7 (ND) SPANWISE STATION; 7 
Ffgure 103.-Spanwise Variation of Coupled Mode Shape Components, 
8.7% 
= 0, Subcritical  Design 
206 
I 
1.2 
1.0 - I I I 
0.6 - 
0.4 - 
-0.6 - 
-0.8 - 
-1.0 - - 
0 0.2 0.4 0.6 0.8 1.0 
*. " (2EI 
-1.2 I I I I 
1.2 * 
1.0 - I I I I 
. 
-0.8 - 
0 0.2 0.4 0.6 0.8 1.0 
e 
-0.8 O t  
- 1 . 0 1  , , I I -1 
-1.2 
0 0.2 0.4 0.6 0.8 1.0 
(ND) SPANWISE STATION T 
0.2 - 
* 
y5 0 
-0.2 - 
-0.4 - - 
-0.6 l 
0 0.2 0.4 0.6 0.8 1.0 
" 4 t  
0.2 
-0.4 -I 
-0.6 
0 0.2 0.4 0.6 0.8 1.0 
* 
B O  
-0.4 
-0.6 
0 0.2 0.4 0.6 0.8 1.0 
(ND) .I. SPANWISE STATION, 7 
Figure 104.- Spanwise Variation of Coupled Mode Shape Components, 
e- 753= 1 2  deg, Subcri t ical  Design 
* 3.2 - 
: 1.0 - I 1 I I 
.I - 0.8- 
.' 0.6 - 
I 0.4 - 
/ 
:- 
(1E) / 
0 
I. G +'0.2 
, -0.2- 
.. -0.6 
. -1.0 - 
- 0 
I 
,. ': Y, 0 r . 
-0.4 - 'ooo,m . *; : 
-0.8 - *\ .* (2E) - -../ - 
-1.2 I I I 1 
0 0.2 0.4 0.6 0.8 1.6 
-0.4 - 
1.2 - 
/ (1T) - / *  0.6 
- 1.0 I I I 1 
' 0.8 
' - ,/*: - 
, o.4'&: 
' e  
- - * 
/*  
- 
0.2 
0 .  
- - 
-0.2 
- - -0.6 
- - -0.4 - - 
.~ -0.8 - - 
-1.0 
-1.2 
- rn 
0 0.2 0.4 0.6 0.8 1.0 
I I I 1 
(ND) SPANWISE STATION,? (ND) SPANWISE STATION,? 
Figure 105. - Spanwise Variation of Coupled Mode Shape Components, 
0, Supercritical Design 
208 
1.2 ' I I I I '  
1.0 
, 0.8 - 0 
- 
0.6 - (1E) 0 0 
0.4 - 0 
0.2 - 0 ( 2 F )  
y5 0 .  
-0.2 
-0.4 - 
-0.6 - . 
- 
-0.8 - 
-1.0 - - 
0 0.2 0.4 0.6 0.8 1.0 
*. 
-1.2 I I I I 
1.21 I I I I 
-0.8 - 0 -  . 
-1 .o . 
-1.2 I 1 I 
0 0.2 0.4 0.6 0.8 1.0 
1.2r I I I I 
1.0 - 
/Of 
0.8 - (1T) . - 
0.6 - / - 
0.4 
- 0.2 - * /  - -4-.-.-.; (2FI B O  
-0.2 
-0.4 
- 
- 
- 
- 
-0.6 
- -1.0 
- -0.8 
- - 
- 
- 
-1.2- I I I I 
0 0.2 0.4 0.6 0.8 1.0 
(ND) SPANWISE STATION, F 
-0.4 - J 
0 012 2 4  o!t3 o!b 1.0 
o T " l  0.4 
0.6 I I I I * 
0.4 - - 
(2E)  
0.2 - 
"-k/* 
4-6:* - 
B O  
-0.2 - - 
-0.4 
-0.6 
- 
1 1 I I L 
- 
0 0.2 0.4 0.6 0.1 1.0 
(ND) SPANWISE STATI0N.T 
Figure 106.- Spanwise Variation of Coupled 
= 12 deg, Supercritical 
9. 75R 
Mode Shape Components, 
Design 
I 
c 1F 0.7 - .  . .~ 
p = 0 (HOVER) 
. " 
7," = 10 
n R  = 198 mlrec - 
0.6 w 1:33 
NOMINAL TORQUE TUBE 
BENDING STIFFNESS 
"1 
0.5 r \ 
I 2F """"\ 
I 3F 
"" \\\ (lF.lT,lE), 
STABLE 
U 
. -0.1 t I 
UNSTABLE (lT.lE.2E) -/ ' 
\ 
\ 
I (1F.lT.lE 
COLLECTIVE PITCH ANGLE, 0.75, deg, . .  
Figure 107.-Variation of Nonvacuum Coupled Mode Damping with- 
Collective Angle, Nonstalled Aerodynamics, 
Subcritical Design 
210 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
-0. 
-0. ~ 
. .  
1 I 1 I I 2 
- 
1F 
p - 0 (HOVER) 
res" = 10 
%l = 0.79 
f lR = 198 rnlsec - 
25% NOMINAL TORQUE TUBE 
BENDING STIFFNESS 
1T 
"""" 
0- 
2F 
"""""" 
"-" - 3F ""- 
STABLE 
/ 
" 1EJ s-z:" 
2E 
UNSTABLE u. 
(1F. lT. lE)  
I I 1 I 
5  10  15 20 25 30 
COLLECTIVE PITCH ANGLE, 8.75 deg 
Flgure - 108 .- Variation of Nonvacuum Coupled Mode Damping with 
Collective Angle, Nomtalled Aerodynamics , 
Supercritical Deelga 
0.8 
0.i 
0.6 
r, 
0 
f 
9 a. 
0.E 
. .  -I a 0.4 
Y 
I- 
UI a 
0.3 
a w 
n 
-1 
3 
8 
3 
z 
' s 0.1 
0.2 
3 . o  
z 
0 
4 . 1  
STABLE 1 
A '. 
I I I 
5 10 15 
I I 
- 
p =  0 (HOVER) 
.Yeq" = 10 
n R  = 198 m/sec 
W = 1.33 
NOMINAL  TORQUE  TUBE - 
BENDING  STIFFNESS 
- 
"1 
fl STATIC  STALL 
ANGLE  OF 11.3' 
ENCOUNTERED 
A T  75% SPAN 
- 
(1  F,  1 E) 
(1 F, 1 E) -
20 25 I 
COLLECTIVE PITCH ANGLE, OB75, deg 
Figure log. -VariQtion of Nonvacuum Cowled Mode Damping with 
Collective Angle, Including Stall Characteristics,  Subcritical. Design 
222 
0.E 
0. ; 
0.6 
0.5 
0.4 
0.3 
I 
I I I I '- .. . 
f i=  0 (HOVER) 
%qu = 10 
n R  = 198 mlmc 
W = 0.79 
25% NOMINAL TORQUE TUB 
BENDING  STIFFNESS 
- 
"1 
\ 1' I r STATICSTALL 
- 0. 1 
COLLECTIVE PITCH ANGLE, deg 
Figure 110. - Variation of Nonvacuum Coupled  Mode Damping with . 
Collective Angle, Including Stall Characteristics,  Supercritical Design 
213 
E 
4 
3 
2 
1 
0 
-1 
I I ,  I I 
CASE 1 ISUBCRITICAL) 
,- - -, - CASE 2 (SUPERCRITICAL) 
JUNCTURE 
- 
I I I I 
0.2 0.4 0.6 0.8 
NONDIMENSIONAL SPANWISE STATION, V 
Figure 111. - Spanwise  Variations of Flatwise  Bending  Moments, 
Trim Cases 1 and 2 
4c 
3( 
x 
la 
C 
-10 
-20 
-\ 
CASE 1 ! (SUBCRITICAL) 
- - - CASE 2 (SUPERCRITICAL) 
1 I I I 
0.2 0.4 0.6 0.8 
NONDIMENSIONAL SPANWISE STATION, 7 
1 
1. 
1. 
0.1 
E 
i 
+- z 
Lu 
0 
5 
5 
3 
= 0.1 
-I 1 0.1 
e 
0 
K 
VJ 
0.: 
( 
-0. 
-0. 
I I I I 
/ 
/ 
(SUBCRITICAL) 
(SUPERCRITICAL) 
-7 / 
I / 
JUNCTURE lp!/
I I I I 
0.2 0.4 0.6 0.8 1 
NONDIMENSIONAL SPANWISE STATION, i 
Figure U3.-Spanwise Variation of Torslon Moment, Trim 
Cases 1 and 2 
216 
I 
CASE 1 (SUBCRITICAL) 
- - - CASE 2 (SUPERCRITICAL) 
& -  
” \
-”””#- 
.loo I I I I I 
f 1 
\ 
80 - 
60 - 
cv 
E 
z 
P 
d 
vi 
20 - 
a I 
\ 
40- 
b 
v) 
UI 
v) 
I- 
(3 z 
z c3 
Lu 
Lu 
- 0 
rn 
-20 - E 
4 
LL. -40- 
1 
-60 - I 
-80 1 I 1 I I 1 
0 0.05 0.10 0.15 0.20 0.25 0.30 
NONDIMENSIONAL SPANWISE STATION, 
i 
1 
Figure 114. - Spanwise Variation of Flex,beam  Flatwise  Stresses, Trim Cases 1 and 2 
I 
ru 
E 
z z 
\ 
""- " 
" - -- 112 PTP """- 
CASE I (SUBCRITICAL) - - - CASE 2. (SUPERCRITICAL) 
MEDIAN 0 
0 
0 
f -  OFFSET 
J 
I 
0 
0 
0 
0 
- 4 I I 1 I 
0.05 '0.10 0.1 5 0.20 -0.25 0.: 
NONDIMENSIONAL SPANWISE STATI0N;T 
I 
! 
Figure 115. - Spmwise Variation of Flexbeam Edgewise Stresses, Trim Cases 1 and 2 
I 
60 I I I I I I I I I I I 
40 - 
cn cn 
UJ 
(3 
.z 
UJ 
/ 
CLlCJ= 0.057 
CpFlO= 0.007 
TRIM CASE 1 (SUBCRITICAL) U 
-160 - - - - - TRIM CASE 2 (SUPERCRITICAL) 
-180 I I I I 1 I I I I I I 
0 30 60 90  120 150 180 21 0 240  270 300 330 360 
BLADE AZIMUTH ANGLE, $, deg 
Figure 116. - Azimuthal  Variation of Critical  Bending Stresses, Trim Cases 1 and 2 
30 
l% u. c 
-20 
. '0 30 60 90 120 150 180 21 0 240 270 300 330 360 
BLADE AZIMUTH ANGLE, $, deg 
Figure 117. - Azimuthal Variation of Cr i t i ca l  Fl&mm Torsion Stress, Trim 
Cases 3 and 2 
4 
2 
0 
-2  
-4 
-6 
I I I 1 1 I I I I I 1 
I I I I I I I I I I I 
30 60 90 120 150 180 210 240 270 300 330 360 
BLADE AZIMUTH ANGLE, JI, deg 
Figure 118. - Azimuthal Variation of Push-Rod Load, Trim Case13 1 and 2 
60 
3- 40 
Lu 
rn I- 
0 N  
K 20 
0 
z s  -20 
n z  
m i  
E -80 
-40 
LU -60 
4 -100 
LL 
-120 
-140 
60. 
F4 
z 
2 20 
W 0 
E 40 
\ 
. .  
b 
g -20 
t; 
0. -60 
z -100 
Lu 
K -40 
z 
n -80 
m 
U J '  -120 
E 3 -140' 
(3 
0 -'1601 .w 
-180 
rn- 
w rn 
K c rn 
I I I I I L I I I I I 
----- CASE 1A (SUBCRITICAL,  N0N"RE:DUND. 
ANAL.). 
CASE 2A  (SUPERCRITICAL.  NON-REDUND. 
"" 
I I I +NALI) , I I I I I 
I I I I 1 I I I I I I I 
301 I I I 1 I I I I I I 1 
201 - 
0 30  60 90 120 150 180 210 240 270 300  330  360 
BLADE AZIMUTH ANGLE, I), deg 
Figure l l ga . -Ef fec t s  of Complete Modelling of Structural 
Redundancy  on Stresses 
222 
CASE 1 A (SUBCRITKAL, 
4 -  N_ON"REDUNDANT > 
ANALYSIS) 
-1 - 
p =0.439 
-2 - CLl a = 0.057 
" "
Cppl 0 = 0.007 
-3 - 
CASE 1 (SUBCRITICAL) 
-4- CASE 2 (SUPERCRITICAL) 
-5 I I I I I I I 1 I 1 I 
0 30 60 90 120 150 180 210 240 270 300 330 3 
BLADE AZlMUT%-ANGLc$, deg 
0 
Figure Ugh. -Effects of Cmplete Modelling of Structural Redundancy on Rzsh-Rod Loads 
1.0 
0.5 
0 
r RAMP-STEP INPUT 
0 0.1 0.2 0.3 0.4 0.5 
ELAPSED TIME, t, SEC 
0.6 co 
I I I I I I I I I A I 
0 90 1 80 270 360 450 540 630 720 Y m 
BLADE AZIMUTH ANGLE, $, deg 
Figure 120. - Incremental Ramp-Step and Pulse Input Control Angle Time-Histories 
100 I I I I I I 
I .  
N 50 - 
E 
l 
TRIM VALUES 
I , , ---- DUE TO PULSE INPUT 
L /  
c REVS I, 111, V, ETC  REVS II, IV,  VI, ETC " 
0 . X I  1 8 0  270 0 90 180 270 360 
BLADE  AZIMUTH  ANGLE, 9, deg 
-250 I I I I I I 
100 LI I I I I I 
I /  \ 
- 
' Z  
. 
z 
W 
I 
m I 
I W 5 -150 
W 
0 
n 
\ 
\ - -= 
-200 - - 
4 " w 
REVS 1, Ill, V, ETC REVS II, IV,  VI, ETC 
-250 ~- I I I I '  I I 
0 90 180  270 0 90 180 270 360 
BLADE  AZIMUTH  ANGLE, $, deg 
. .  
Figure X?la.-!l'ransient Bending Stresses due to Collective a l e  
Inputs,  Subcritical Design 
501 I I I I I I 
401 - - 
TRIM VALUES 
- - -- DUE TO RAMP -1STEP INPUT 
-- - DUE  TO PULSE  INPUT 30 - 
20- 
\I11 
- 
- 
-30 - - 
-REVS I & Ill *4 REVII ,  , , - 
40. I I I I 1 I 
- 
1 
-1G.' I I I 
0 
L 
90 180 270 0 .go 180 270: 360 
BLADE AZIMUTH ANGLE, $, deg 
I I I 1 
Figure l21b. - Transient Flex%- Torsion Stresses- and Push-Rod 
Loads due t o  Collective Angle Inputs,  Subcritical 
Design 
226 
Figure m a . -  Transient Bending Stresses due to Collective 
Angle Inputs, Supercritical Design 
227 
I I ~- "I ~ -TRIM  VALUES -- - DUE TO RAMP - STEP INPUT - - - DUE  TO PULSE  INPUT 
si 
41 
~~ ~~ I I I I I 1 
- - 
VI 
0 
0 
BLADE AZIMUTH ANGLE, I), deg 
Figure l22b.- Transient Flexbeam Torsion Stresses and Puah-Rod 
Laads due to Collective Angle Inpute, Supercritical 
Deeign 
228- 
REV I c 
-250 1 I I "_ 
0 90 180 270 
BLADE AZIMUT 
I I I 
90 180 270 360 
ANGLE, 3/, deg 
Figure 123a. "Transient Bending Stresses due t o  Langltudinal Cyclic 
Angle Inputs, Subcritical Design 
50 
.4c 
3a 
20 
la 
0 
-10 
-20 
-30 
-40 
1 I I - TRIM VALUES 
0 - DUE TO RAMP - STEP INPUT --- DUE TO PULSE  INPUT 
6 1 I 1 I I I 
4 -  - 
-2 - 
-6’ 
-8: - - 
4 REV I - 1  
0 90 1 80 270 0 90 180 270 360 
I I I 1 I 1 
REV1 II m 
-1 0’ 
BLADE AZIMUTH ANGLE, $, deg 
Figure l23b. -Transient Flexbeam Torsion Stresses and Push-Rod 
Loads due t o  Longitudinal Cyclic Angle Inputs, 
Subcri t ical  Design 
I 
I I 1 
-1f 
REVS I &  Ill 
-250 
=? . . -  
TRIM  VALUES . .   
"" DUE  TO RAMP-STEP INPUT 
-- - DUE  TO PULSE INPUT ' 
e REV II I 
2w,L- ' I 
I 
- I 
0' 90 180 270 0 90 180 270 360 
I I I I I I 
BLADE'AZIMUTH ANGLE, $, deg 
Figure l24a. - Transient Bending Stresses due to Longitudinal Cyclic 
Angle Inputs, Supercritical Design 
231 
I 
I I I I I I 
TRIM  VALUES 
- - --- DUE TO RAMP-STEP INPUT. 
- - - DUE TO PULSE INPUT 
t REV II  
6'r 
- 4- 
7 I I I I 1 
- 
- 2  - 
- 4  - - 
-6- 
-10 
- -- - 8  
- 
REV I- 
d 
REV II - 
I I I 1 I I 
0 90 180 270 0 1 90 1 8 0  270 .360 
~~~ ~ 
Figure Ebb. - Transient Flexbeam Torsion Stresses and Push-Rod 
Loads due t o  Longitudinal Cyclic Angle Inputs, 
Suuercritlcal Deeian 
-la t 
-2001+ - I 1 - REVS I & Ill -250' 
50 
-1 5 0 1 -  
-2001 - 
4 REVS I & Ill - 
-2500 I 1 I 
90 180 270" 
BLADE AZIMUT 
- TRIM VALUES 
-0 -- DUE  TO RAMP-STEP INPUT --- DUE TO PULSE INPUT 
90 180 270 360 
ANGLE, $, deg 
Figure 125a. - Transient Bending  Stresses due to Latehd  WClic 
Angle Inputs, Subcritical Design 
233 
REV ,I' 1 
~- ~ 
I 1 I -TRIM  VALUES 
- - - DUE,TO PULSE, INPUT - - - 0 DUE TO RAMP - STEP INPUT 
6 I I I I I I 
-6! - - 
-81 - - - REVS 1 & 1 1 1  
1 1 I I I 1 
-4 REV II " - 
-10 
0 90 1 8 0  270 0 90 1 8 0  270 360 
BLADE AZIMUTH ANGLE, I), deg 
Figure 1255,. -Transient Flexbeam Torsion Stresses and Push-Rod Loads 
due t o  Lateral Cyclic Angle Inputs, Subcr i t ica l  Design 
234 

50 I. I I 
40L 30 
I 
TRIM  VALUES 
- - - - DUE TO RAMP-STEP  INPUT 
-0- DUE  TO PULSE INPUT 
6, I I 1 I I 1 
4, 
~ ~. 
- - 
-41 
-6, 
- - 
- - 
-8' - - ' REV1 " REV I I b 
-loo I I I I I 90 180 270 0 90 180 270 360 
. .. . 
BLADE AZIMUTH ANGLE, $, deg 
Figure Z6b. - Transient F l t x ~ e m  Tarrim Stresses a d  Push-Rod Loads 
due t o  Lateral Cyclic ale Inputs, Supercritical Design 
100 I I 4  I I I I 
. .  
(v \ 5 0 -  
"" (E IF )FB=O.~~X(NOM)  
-200 - "- (E IE )FB=O.~~X(NOM)  I I- 
I 
-250 I I I I I I i 
/ REV I . - " - REV II  
I 
0 90 180 ~ 270 0 ' ,90 ' 180 270 Bso 
1 BLADE AZIMUTH ANGLE, $I, deg 
" 
r!  
-1 50 - 
-200 - 
1 REV . I  - 
-250 I I I 
0 90 180 270 - 0 
iI 
I I I I 
90 .' 180 270 360. 
BLADE AZIMUTH ANGLE, 9,  deg 
Figure 127. -Transient Bending Stresses due to Partial Flexbeam 
Material Failure, Subcritical Design 
50 ' c 
W 
2 -150 
E 
4 
L. -200 - REVS I, Ill, V, ETC- 
-250 . I I I 
0 90 1 80 270 0 
BLADE AZIMUTH 
rir 0 
m- 
a 
v) 
+ -50 
0 
z 
n 
m 
f -150' 
W 
0 
0 w 
b 
v) 
w 
-100 
w 
W 
-200 I-  REVS I, III, v, ETC- 
TRIM (NOMINAL  STIFFNESSES) 
- - - - ( E I F ) F B = O . ~ ~ X ( N O M I  
90 
ANGLE, JI, deg 
1 80 270 360 
-REVS II, IV,  VI, ETC 1 
I I I I 
BLADE AZIMUTH ANGLE] J/,  deg 
F.igure 128. -.Transient  Bending  Stresses  due to Partial Flexqeam 
Material Failure,  Supercritical Design 
U 
w 
8 
U 
a 
0 
a 
w 
Figure 129. - ,Wfects of Unsteady Airloads Formulation on Variation 
of Rotor Performance with Shaft Angle 
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